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INTRODUCTION
Activation analysis depends upon the nuclear reaction 
between nuclear particles and the isotopes of the element 
being analysed, to yield a product whose radioactivity is a 
measure of the abundance of the target element. All results 
obtained in the work to be described here were obtained by 
irradiation with thermal neutrons to induce neutron-gamma 
ray reactions, the product of which is an isotope of the 
target element whose mass number is one unit higher than the 
target nuclide. That is,
2 X (n, X ) A21X
Where,
A is the mass number
X is the chemical symbol for the element 
Z is the atomic (or proton) number.
The rate of production of the radionuclide is equal to the 
product of the atomic abundance of the target nuclide, the 
neutron cross section for the reaction, and the thermal 
neutron flux. At the same time the radionuclide is decaying 
at a rate equal to the product of its atomic abundance and
1
2its decay constant so that the net rate of production can be 
written as
d(AilN)
= f. CT. -/N — ^
dt
Wie re
N is the number of atoms of the appropriate nuclide 
f is the thermal neutron flux
cT is the thermal neutron activation cross section 
A. is the decay constant of the nuclide 
Integrating gives
f.cf.^N “ A.A21n  - C. e~
Putting t =s 0,
C = f.cT AN
Zj
and substituting gives an expression for the disintegration 
rate of the radionuclide after irradiation for a time
t,
= *•«".£»(1 - e" X,t)
After the cessation of the irradiation, the product radio­
nuclide begins to decay, so that at a time T after the end 
of the irradiation the disintegration rate will be given by
\ . a£xN « f.cr.^N(l - e“ ^*t )(e“ ^*T )
3In principle it is possible to carry out analyses using this 
equation by measuring the disintegration rate and then cal­
culating the abundance of the nuclide under investigation 
merely from a knowledge of the neutron flux, the cross sec­
tion and the irradiation and decay times* In practice this 
is seldom done. Instead, a comparator technique is used, in 
which the samples are irradiated together with standards 
whose content of the element of interest is accurately known.
To attain the highest sensitivity, it is necessary to 
chemically separate the element for which the analysis is 
being made from the rest of the activities induced in the 
sample. The technique most widely used is to add a known 
milligram amount of the same element as a carrier. The 
induced activity is equilibrated with the carrier and the 
chemical separations can be performed on a macroscale. The 
amount of carrier recovered after radiochemical separation 
is a measure of the chemical yield. The measured radioactiv­
ity can then be corrected accordingly. In some cases, when 
the final radionuclide is not of the same element as the
original target nuclide, the carrier technique cannot be 
used as there are no stable isotopes of the product nuclide. 
In these cases a tracer technique is used. A known activity 
of an isotopic radionuclide is added whose nuclear character 
istics can be distinguished from those of the radionuclide
4produced by neutron irradiation of the sample. The radio­
chemical recovery is then measured by the activity of the 
tracer found at the end of the separation. This approach is 
generally more difficult to use, as the chemistry has to be 
carried out carrier free. It has the advantage, however, 
that the final sources prepared for counting can be made 
weightless, which is particularly useful if the induced 
activity or the tracer are weak beta-ray emitters.
The present neutron activation study was begun initially 
to investigate the uranium and thorium abundances in rocks 
whose mineralogy and mode of occurrence indicated an origin 
in the Earth’s lower crust or upper mantle in order to gain 
some idea of the heat production of possible mantle mater­
ials. The study was later extended to the meteorites, since 
analogies are frequently drawn between the mantle or the 
Earth as a whole and the meteorites. It soon became apparent 
that there was considerably more variation in the chondritic 
meteorites than had been previously supposed, and that there 
were serious discrepancies between the empirical results and 
calculated cosmic abundances. The calculations required a 
fitting of the theoretical abundances to those observed in 
meteorites and the Sun, and for the production of uranium 
and thorium the abundance peak at osmium-iridium-platinum is 
vital. Mien the present work began, abundance data on
5osmium in chondrites was limited to a single determination, 
so it was clear that more measurements were required. The 
data for rhenium were equally sparse, and because of the 
interest in the abundance of this element relative to osmium 
for geochronological studies, a limited study was begun of 
the distribution of both elements in chondrites. This was a 
fortunate decision as a method for estimating the duration 
of heavy element nucleosynthesis appeared in the literature 
to which the relative abundances of rhenium and osmium were 
of considerable importance. This time interval has a direct 
bearing on the abundances of uranium and thorium.
Having developed an analytical method for rhenium 
and osmium it was natural to extend the study to achondrites 
and some significant rock types. Some thought was given to 
the development of a charged particle activation method for 
the measurement of geological ages by the rhenium-osmium 
decay scheme, and some preliminary work was carried out for 
this purpose. Several sulphide minerals were analysed for 
rhenium and osmium as an initial step towards finding suit­
able material for use with such a method. Some tektites were 
also analysed for all four elements for completeness.
In this thesis the uranium and thorium results, on the 
one hand, and the rhenium and osmium results, on the other, 
are discussed separately. In general this seemed a logical
6procedure, as the two pairs of elements in the majority of 
cases are quite different in their behaviour. In the 
meteorites, for example, uranium and thorium are predominant­
ly lithophilic whereas rhenium and osmium are decidedly 
siderophilic. This arrangement was also more convenient as, 
except for four samples, the pairs of elements were deter­
mined on different samples, and the uranium and thorium 
analyses are far more numerous.
In Part One the uranium and thorium results are dis­
cussed, The first chapter is devoted to the analytical 
method used for the determination of these two elements. It 
seemed desirable for this to be described first, so that the 
validity of the results could be assessed objectively. The 
abundances in chondrites are next treated. It is generally 
considered that these meteorites are the closest approach 
available to the non-volatile component of primitive solar 
material and therefore it seems logical to discuss these 
before the achondrites and rocks which are dealt with in the 
subsequent chapters. The last chapter presents the results 
for tektites.
Part Two contains the results of the rhenium and osmium 
analyses. The arrangement is very similar to that of Part 
One, except for the penultimate chapter, which deals very 
briefly with the abundances of rhenium and osmium in sulphide 
minerals, mainly from Tasmania.
7Part Three discusses some of the implications of this 
trace element study. The first chapter deals with some 
helium ages calculated from published radiogenic helium 
values and the uranium and thorium abundances measured in 
this work. The second chapter deals in a somewhat similar 
manner with the relationship between the results of the 
present work and the several measurements of lead isotopic 
abundances which have been made.
The bearing of the abundances of the four elements 
analysed in this work to the various theories of meteorite 
evolution are considered in the third chapter of Part Three. 
The implications of the meteorite abundances are then pro­
jected back down the line of evolution for a discussion of 
the relevance of this work to theories of nucleosynthesis.
As uranium, thorium and rhenium are unstable nuclei their 
abundances are a function of the duration of nucleosynthesis 
and the interval of time since the separation of the solar 
system from rmcleosynthetic sources. The current estimates 
of these time intervals are considered.
In the final chapter some models for the evolution of 
the Earth are discussed, and there is some comment on the 
implications of the study of meteoritic abundances to this 
question.
8There are also two appendices at the end of this thesis* 
The first one contains relevant information of the sources 
of the samples and also brief descriptions of them. The 
second appendix describes very briefly some preliminary 
investigations into the feasibility of developing a charged 
particle activation method for the determination of geolog­
ical ages based on the decay of rhenium-187 to osmium-187«
PART ONE: THE DISTRIBUTION OF URANIUM AND THORIUM IN
METEORITIC AND TERRESTRIAL MATERIALS
CHAPTER 1-1
THE DETERMINATION OF URANIUM AND THORIUM BY
NEUTRON ACTIVATION ANALYSIS
The investigation of uranium and thorium in meteoritic 
and terrestrial sources requires an analytical method which 
is capable of determining these elements down to the part
samples often weighing less than one gram. Neutron activa­
tion analysis was considered to be the most suitable tech­
nique currently available, although for certain applications 
other methods could have been used. Radiometric methods 
have long been used for the determination of these two 
elements. Davis (1947) determined uranium indirectly by 
measurement of the radium-226 in the specimens and by assum­
ing this radionuclide to be in equilibrium with its 
uranium-238 ancestor. The actual radium determination was 
carried out using a vacuum fusion technique to extract 
radon-222, the daughter (half life 3*8 days) of radium-226,
per billion (10~9g/g) level,
9
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which was then radio-assayed. Similar radon methods had been 
used previously but all gave extremely high results, apparent­
ly due to moisture in the radon (Patterson et al. 1953)*
A radon-222 method was used by Dalton et al, (1953) for a 
study of uranium in iron meteorites. Thorium was also 
measured radiometrically, using a continuously flushed 
system to measure the short lived thoron-220 (half life 52 
seconds). In the same work uranium was determined fluorimet- 
rically after a preliminary separation. The total alpha 
activity was then measured by scintillation counting and the 
thorium content estimated by difference. In general the 
results obtained were higher than later determinations, 
though the figure obtained by Dalton (1953> unpublished) for 
the chondrite Akaba agrees very well with two later neutron 
activation determinations on the same meteorite (Hernegger 
and Wanke 1957> Ebert et al. 1957)«
More recently radiometric determinations of uranium and 
thorium have been made directly without any chemical treat­
ment. Cherry (1963) described an alpha counting method using 
a zinc sulphide scintillation screen as detector, pulses 
from which were simultaneously fed to a scaler with a short 
dead time and to a mechanical register with a dead time of 
0.3 seconds. The total »»thick source** alpha count rate was 
recorded by the fast scaler, whereas the slow register
11
measured only those pulses separated in time by more than 
0,3 seconds. The decay chain of thorium-232 has two consec­
utive alpha transitions, the half life of the intermediate 
radionuclide, polonium-216, being only 0.158 seconds, so 
that about 75$ of the two consecutive alpha particles are 
emitted within the 0.3 seconds dead time of the slow 
register, and recorded as only one count. From the differ­
ence in count rate between the scaler and the register it 
was possible to calculate the alpha count rate due to the 
thorium 232 series, and that due to the two uranium series 
found by difference. This method is simple, very inexpensive, 
and seems to give reasonable results provided the thorium: 
uranium ratio is not excessively large and the uranium 
content of the sample is greater than about one part per 
million.
The most widely used direct radiometric method at 
present for the determination of uranium and thorium (as 
well as potassium) is gamma spectrometry* The analysis is 
based on the gamma rays of thallium 208 (2.62 MeV), bismuth 
214 (1.76 MeV) and potassium 40 (1.48 MeV), making the usual 
assumption of radioactive equilibrium (Hurley 1956). This 
method requires large samples of about 400 grams, and though 
it is extremely rapid for rocks with high uranium contents, 
say greater than one part per million, and fairly normal
12
thorium:uranium ratios, the counting times become progress­
ively longer at lower levels and the counting statistics 
poorer. Also unless a statistical analysis is made of the 
whole spectrum for the best fit of the data, any error in the 
thorium determination appears magnified inversely in the 
uranium value introducing a very much exaggerated perturba­
tion in the thorium:uranium ratio. Despite these limitations 
the method has provided in the past few years a vast amount 
of information concerning the distribution of the radio­
active elements in common rock types.
Of the non-radiometric methods employed in recent years 
for the determination of uranium and thorium the one that is 
fundamentally the most sensitive and precise is the technique 
of "stable” isotope dilution. In this method a known amount 
of the rock is dissolved in the presence of a "spike” of a 
determined quantity of the required element of unusual iso­
topic composition. After chemical separation the isotopic 
composition of the element is determined. From a knowledge 
of the "spike" and natural isotopic compositions it is then 
possible to calculate the elemental abundance in the original 
sample. Inherently the determination can be extremely sensi­
tive, but the practical limitation of the method is the 
contamination introduced by the chemical processing.
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Neutron activation analysis has the advantage that 
generally no chemical separations are carried out before 
irradiation (there are exceptions e.g. Petrzhak e_t al. 1956) 
and that any non-activated contamination introduced after 
activation has no significant effect on the value determined. 
For this reason, and the reasonably high sensitivity of the 
activation method, it was chosen for the present extensive 
study.
Nuclear Data
Table 1 lists the relevant nuclear data for the nuclides 
produced by the slow neutron irradiation of uranium and 
thorium. Several uranium determinations by neutron activa­
tion analysis have been based on the induced fission of 
uranium 235* The fission product barium-140 was selected by 
Smales (1952) as being the most suitable for radiochemical 
assay, because it has a high fission yield and is not produc­
ed by neutron capture from any non-fissile naturally 
occurring nuclide. Barium-140 can be positively detected in 
the presence of other barium radionuclides by allowing its 
radioactive daughter lanthanum-140 to grow in after specific 
barium chemistry, then by further radiochemical separation 
to determine the resultant lanthanum activity.
TABLE 1
Nuclear Data for Uranium and Thorium
Target Natural Activation Nuclide Half-life
Isotopic
Nuclide Abundance Cross-section Produced
(%) (barns)
232Th 100 7.33 233Th
23 3p 
23 3 xj
22.4 min.
27.0 days
1.6 x 105 
years
235 u
238 u
0,714 582(fission) fission products
99.3 2,74 239u
239^
23*5 min.
2,36 days
2.4 x 104 
years
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Ebert et al. (1957) based their determinations on the 
fission product xenon-133> which they extracted from the 
irradiated sample by vacuum fusion,
Goles and Anders (1962) separated iodine from neutron- 
irradiated meteorites and by physical analysis of the induced 
radioactivity determined iodine, tellurium and uranium. The 
uranium was determined by following the decay curve of the 
fission produced mixture of iodine radionuclides.
The fission product ruthenium-106 in equilibrium with 
rhodium-106 has been used by Bate and Huizenga (1963) to 
determine uranium in the Johnstown achondrite and three 
rocks. This method is not very sensitive because of the long 
half life of ruthenium-106,
The sensitivity of the fission product methods is not 
high, because although the fission cross section is large, 
the isotopic abundance of uranium-235 is only 0.7 per cent, 
and even the highest fission yields are only about six per 
cent. Petrzhak et al. (1956) introduced a method for uranium 
determination in which actual fission events during slow 
neutron irradiation are counted using the intense ionization 
produced by fission fragments. This technique is funda­
mentally much more sensitive than the fission product 
methods, but has the great disadvantage that the uranium must 
be separated from the sample before irradiation. Starik and
15
Shats (1956) used the fission fragment counting method to 
determine the uranium abundance in meteorites, their results 
were considerably higher than those obtained by other acti­
vation methods and it is likely that appreciable contamina­
tion was introduced during the preliminary chemical separa­
tion.
The principles of another technique of uranium determin­
ation based upon fission have been described by Fleischer 
and Price (1964a)» They estimated the number of fission 
events in neutron-irradiated natural glasses by counting 
visually the fission damage tracks in an etched surface of 
the sample. This method appears to give low answers compared 
with other techniques, possibly because of a lower rate of 
etching near the end of the fission track.
The delayed neutron emission after neutron irradiation 
of fissionable nuclides has been used by Amiel (1962) to 
determine uranium and thorium non-destructively• Practical 
limits of detection quoted for a neutron flux of 10^3 
neutrons,cm"^#sec. are 0,03 jug uranium and 0*5 pg thorium. 
This technique is not sensitive enough for the present inves­
tigation.
Methods based on the uranium-238 (n, X ) reaction have 
a much higher practical sensitivity than either the fission 
product or fission fragment methods. The short half life of
16
uranium-239 generally makes this nuclide unsuitable for the 
analysis of uranium in terrestrial and meteoritic materials 
as it allows insufficient time for the rigorous chemical 
separations necessary for these samples. The daughter of 
uranium-239 by beta decay is neptunium-239 which has a much 
more suitable half life and for this reason was used for the 
analyses in the present work. Similar determinations using 
neptunium-239 have been made previously by Hamaguchi et al. 
(1957).
Jenkins (1955) has employed the short lived radionuclide 
thorium-233 to determine thorium in rocks by neutron activa­
tion analysis, using a rapid chromatographic separation. The 
short half life of this nuclide precludes its use when rig­
orous radiochemical separations are required. In such cases 
its longer lived daughter product protactinium-233 is more 
suitable and was the basis of the analyses made in the 
present study. This radionuclide has been used previously 
for thorium analyses by Bate et: al. (1957> 1958, 1959).
The radiochemical procedures described below are essen­
tially those of Morgan and Lovering (1963), but are now 
given more fully and some later modifications to the method 
are included.
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EXPERIMENTAL 
Sample Preparation
Many of the rock samples used in this work were provid­
ed by the donors in powdered form, therefore no further 
pre-irradiation treatment was required, except to split off 
suitably small aliquots by quartering using clean sheets of 
paper. The few rock samples specially prepared for this work 
were treated in the same way as the meteorite samples, as 
described below.
Where possible meteorite samples were taken from the 
interior portion of the specimen. Particular care was taken 
to be as far as practicable from the fusion crust whenever 
this was present. For large specimens an interior portion 
was obtained by using a large screw-driven wedge, which was 
especially useful for the harder stones. With practice it 
was possible to obtain rectangular pieces of one to two 
centimetres edge, with completely fresh surfaces, which com­
prised better than half the weight of the specimen used.
When the specimens were very small or irregular in shape the 
use of the wedge became prohibitively extravagant, and outer 
surfaces were carefully chipped away using a pair of steel 
sidecutters kept exclusively for this purpose. Frequently a 
combination of the two techniques was used.
18
The fresh pieces obtained were then crushed to powder.
If the sample was particularly hard it was first broken down 
in a steel percussion mortar to small pieces about three to 
four millimetres in diameter, transferred to an agate mortar 
and crushed to less than 100 mesh. Samples which contained 
no metal fragments, or in which the size of the metal was 
very small, were sieved through a 100 mesh Spex nylon sieve, 
otherwise the sample was crushed until the silicate appeared 
to be suitably reduced in size and the metal fragments left 
as they were. For fear of contamination the technique of 
crushing the metal-bearing samples under acetone at low 
temperature below the embrittlement point of the nickel-iron 
(Berry and Rudowski 1965) was not used. In isolated cases, 
for example the chondrite Farmington, quite large tabular 
pieces of metal were found. These were removed and weighed 
so that a correction for their removal could be made.
Preparation of Samples for Irradiation
Silica ampoules were made from three to four milli-metre 
internal diameter tubing, the form and dimensions of the type 
used in this work are shown in Figure 1, The overall length 
when sealed is limited by the length of the standard nType A” 
irradiation cans in use at the HIFAR reactor at Lucas 
Heights. It was found that eight of these ampoules could be
Figure Is Silica ampoules used for neutron
irradiation,
(A) Ampoule ready for loading of sample,
(B) Loaded with sample and sealed at 
first constriction ready for irradi­
ation,
(C) After irradiation, ampoule opened at 
second constriction ready for unload­
ing of the sample.
S
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packed in an nAM can, usually being six samples plus two 
standards.
After manufacture the silica ampoules were rinsed out 
with demineralized water, and soaked overnight in aqua regia. 
They were subsequently rinsed several times with demineral­
ized water, wrapped in tissue paper and spun for several 
minutes inverted in a centrifuge. They were dried in an 
oven at 1 1 0°C for several hours.
Suitable aliquots of the rock powder were weighed into 
ampoules (usually 0,1 to 0,2 g per determination) and the 
tubes sealed.
Preparation of Standards for Irradiation
Standards were prepared from analytical grade uranyl 
nitrate and thorium nitrate. The uranyl salt was standard­
ized gravimetrically by the preparation of stoichiometric 
U^Og following a method recommended by Petit and Kienberger 
(I9 6 0 ). The procedure used was to dry the uranyl nitrate 
and then heat at 1 0 0 0°C for 16 hours followed by two hours 
more at 8 5 0°C. The uranium content of the oxide prepared in 
this manner is 84*804$ or 100.004$ of the theoretical value. 
From this it was found that the uranyl nitrate used for the 
standards in the present work contained 47*31$ uranium, that 
is 99*79$ of the theoretical value for U02(N03)2*6H20.
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Thorium nitrate was standardized by titration with an 
EDTA solution using Xylenol Orange as an indicator as des­
cribed by Korbl and Pribil (1956)* A standard zinc solution 
was prepared by dissolving a known weight of analytical re­
agent zinc metal (previously washed in dilute hydrochloric 
acid, rinsed in demineralized water and dried in ether) in 
hydrochloric acid and making up to volume* This solution was 
then used to normalize an approximately 0.04 M EDTA solution 
by titration using a Xylenol Orange indicator* A solution 
of the thorium nitrate was titrated against the standard 
EDTA solution. The thorium salt was found to contain 40.22% 
thorium, as opposed to the 42*03% thorium theoretically 
expected for Th(N0 3)4 * 4H2O.
Dilute standard solutions were made up by weight in 
dilute nitric acid to give a final concentration of uranium 
and thorium between about 20 to 100 ju/g of solution, and 
used immediately.
Standards were prepared for irradiation by spiking 
Johnson-Matthey Specpure silicon dioxide with known weights 
of dilute standard solution. About 20 mg of silicon dioxide 
was weighed into a clean dry ampoule, a similar weight of 
standard solution was added and the ampoule weighed again.
The ampoule was centrifuged for several minutes to ensure 
that any solution adhering to the wall of the ampoule was
21
brought into contact with the silicon dioxide powder, which 
was extremely absorbent and took up the liquid readily. The 
standards were dried overnight at 80°C and then for several 
hours at 110°C. The ampoules were then sealed.
Two batches of Specpure silicon dioxide were analysed 
for uranium and thorium by neutron activation analysis.
Batch A consisted of 2 g obtained from a used bottle, Batch 
B was 10 g obtained in a new unopened bottle. The results of 
these analyses are shown in Table 2. Batch B was used for 
the preparation of standards in subsequent determinations; 
the thorium and uranium already in the dioxide was less than 
0.1/6 of the amounts added in the standard solution.
Neutron Irradiation
The first batch of samples and standards analysed in 
this work were irradiated for three weeks in the graphite 
moderated reactor BEPO at A.E.R.E., Harwell, England, in a 
flux of 1.2 x 10-^ 2 neutrons.cm” s e c S u b s e q u e n t l y  it 
became possible to have irradiations done in the Isotope 
Section "self serve” facility at the Australian Atomic 
Energy Commission Research Establishment, Lucas Heights, 
N.S.W.
Three nominal thermal neutron fluxes were available;
TABLE 2
Uranium and Thorium Contents of Two Batches of 
Spectrographically Pure Silicon Dioxide
Batch Uranium 10“^g/g Thorium 10“^g/g
A (used bottle) 3*4) 31)) 2*1 ) 36 
0.8) 41)
B (new bottle) 0,26) 4*2)
) 0.25 ) 2.6
0.23) 0.9)JM 23453
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High flux 9x10^ -^  neutrons.cm“^. sec .
Medium flux 3x10-*-2 ”
Low flux 1x10-1-^  ”
These available fluxes are considerably lower than the 
maximum flux at the reactor core which is in excess of 
10^4 neutrons,cm“^ . s e c t h i s  disadvantage, for neutron 
activation analysis, is considerably offset by the fact that 
the neutrons in the "self serve” facility are predominantly 
thermal. Connelly (personal communication) has quoted an r 
value (the ratio of total epithermal neutron density to total 
thermal neutron density) of0,0004 for a typical HIFAR 
graphite hole such as the "self serve”, and the residual 
fission flux is only 3- 2x10^ neutrons, cnf^ .sec."*^ *. This 
is an extremely well moderated neutron population. For most 
of the uranium and thorium analyses made in this work high 
flux irradiations were used, and the duration was one week. 
This irradiation time was chosen partly for economic reasons, 
and partly as a compromise between the optimum times for the 
uranium and the thorium analyses.
Development of the Radiochemical Procedure
The analyses for uranium and thorium were based on the 
production during neutron irradiation of neptunium-239 and 
protactinium-233 respectively. As neither of these elements
23
has a stable isotope, the commonly used carrier techniques 
of radiochemistry could not be employed. Instead, carrier- 
free chemical procedures were used. Known amounts of 
tracers of the longlived alpha emitting radionuclides 
protactinium-231 and neptunium-237 were added to the 
samples during the dissolution step, and recoveries measured 
by alpha counting the final radiochemically pure sources.
This tracer technique has been used previously for the acti­
vation analysis of uranium by Hamaguchi et al. (1957) and 
for thorium by Bate et al. (1959)*
Neptunium-237 decays by alpha emission to protactinium- 
233* As this is the radionuclide on which the thorium 
analyses were based it was necessary to separate the 
neptunium-237 from its protactinium-233 daughter immediately 
before adding the tracer to the sample. The protactinium 
growing in before the separation of the neptunium and 
protactinium fractions could then be found from an empirical­
ly determined growth curve (Figure 2). An anion exchange 
separation, which is described in detail in a later section, 
was used to free the neptunium-237 from protactinium-233, and 
also from the small amounts of uranium and plutonium contam­
inants known to be present. Other daughter products of 
neptunium-237 are not present as their growth is blocked at
Figure 2: Growth of protactinium-233 from 
neptunium-23 7•
(A) Plot of relative beta activity 
against 1 - exp(-0.693t/27*0) where 
t is the time after separation in 
days. A least squares line is 
fitted to the experimental points.
(B) Growth curve replotted from the 
least squares line against time in 
days.
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the long lived nuclide uranium-233 (half life ® 1*62 x 10^ 
years)*
The protactinium-231 MspikeM solution was purified 
before use to remove its chain of daughter products, the 
longest lived of which is actinium-227 (half life - 22 years). 
Anion exchange as described in a later section was also used 
for this purification. Virtually complete removal of the 
alpha emitters in the decay chain was achieved, as can be 
seen (Figure 3) from alpha spectra taken with a Frisch 
gridded ionization chamber before and after separation.
A sodium peroxide fusion was chosen as the most rapid 
method for bringing the samples into solution. Babe et^  al. 
(1959), when analysing meteorites for thorium, added several 
grams of ammonium chloride to an aqueous solution of the 
peroxide fusion cake, and quantitatively coprecipitated 
protactinium with the insoluble hydroxides. In the present 
work it was found that neptunium is also coprecipitated 
under similar conditions, however overall recoveries were 
found to be better and more reproducible if the addition of 
ammonium chloride was omitted. The precipitate from the 
alkaline solution was fumed with hydrofluoric and perchloric 
acids to remove silicon and to ensure the equilibration of 
tracer and sample activity (Bate et al. 1959)#
Figure 3s Alpha spectra of protactinium-231 before
and after purification
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Protactinium and neptunium were separated from each 
other and most of the other activity in the sample by an 
anion exchange procedure which had previously been developed 
for the radiochemical analysis of protactinium-233 in 
samples of reactor interest (Morgan 1961). In this method 
plutonium and neptunium were reduced by the ferrous ion to 
plutonium III and neptunium IV* The solution was put on the 
anion exchange column in 8 N HC1. Plutonium III, thorium IV 
and many other elements passed through unadsorbed, neptunium 
IV and protactinium V were retained (Kraus and Nelson 1956)* 
Neptunium was then eluted in 5*9 N HC1, a small amount of 
zirconium tailed into this fraction* Protactinium was subse­
quently eluted in 3*8 N HC1 (Kraus and Moore 1950)* Iron 
and niobium were found as contaminants in this fraction.
The separation of protactinium and neptunium from thorium, 
uranium and plutonium is shown in Figure 4* The good separa­
tion from the other alpha emitters was particularly important 
because of the determination of radiochemical recovery by 
alpha counting.
For the further purification of the neptunium fraction 
a solvent extraction procedure described by Maeck jst al* 
(I960) was employed. In this method neptunium is oxidized 
to the hexavelent state by permanganate and extracted into 
methyl isobutyl ketone (MIBK) from an acid deficient salting
Figure 4* Anion exchange separation of protactinium 
and neptunium from thorium, uranium and 
plutonium.
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out solution of aluminium nitrate, containing tetrapropyl 
ammonium nitrate to increase the solubility of neptunium VI 
in the ketonic solvent. It was found convenient in the 
present work to concentrate the quadrivalent neptunium from 
the 5*9 N HC1 eluate by coprecipitation with lanthanum 
fluoride. This step also had the merit of separating the 
neptunium from the chloride present in the solution, which 
was necessary as some cations, e,g, gold, palladium, indium, 
chromium and platinium, are extracted into MIBK as anionic 
chloride complexes even from an acid deficient solution 
(Maeck e_t al. 1958).
Neptunium can be stripped from MIBK into 1 N HC1, from 
which it can then be separated after reduction with ferrous 
ions by a further coprecipitation with lanthanum fluoride or 
by extraction into a xylene solution of 2-thenoyltrifluor- 
acetone (TTA). Counting sources were prepared by evaporating 
the TTA solution on to a stainless steel disc and flaming off 
the organic residue.
The protactinium eluted from the column was known to be 
contaminated by iron and niobium. The separation of protac­
tinium from iron and fission products (which include niobium 
activity) has been studied by Moore and Reynolds (1957)* who 
recommended solvent extraction into di-isobutyl carbinol 
(DIBC) from 6 N HC1. Iron was reduced by stannous chloride
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and oxalic acid was added to complex other activities. This 
procedure was investigated and found suitable for the present 
work, A second solvent extraction step was included using 
MIBK, from which protactinium was stripped into dilute hydro- 
choloric acid. As with the neptunium separation, protactinium 
was finally extracted into a TTA-xylene solution from which 
the counting sources was prepared.
Measurement of Radioactivity
The beta-activity of the radiochemically separated 
sources was determined on all the earlier samples using an 
end-window geiger-muller counter (2n diameter, organic 
quenched, 2mg,cm"^window) in conjunction with a dekatron 
scaler. The background of the counting assembly was about 
35 counts per minute. The overall counting efficiency for 
sources placed about one cm, from the window, measured with 
a weightless standard caesium-137 source, was of the order 
of 20%.
The alpha-activity of these sources was measured in a 
2-pi proportional flow counter using argon as the ionizing 
medium. In order to ensure that only alpha particles were 
counted and that the contribution to the counting rate by 
nbeta pile-upM was insignificant, short amplifier time 
constants were used and the operating high voltage was
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selected to be well below the beta-counting threshold. This 
was checked periodically using a low activity protactinium- 
231 source containing a high activity of protactinium-233,
The background of this apparatus was about one count per 
minute, with an efficiency of around 5®%*
More recently a Sharp Laboratories WIDEBETA I low back­
ground counter was acquired. This instrument, which is 
fully automatic and has a capacity of 100 sources, is 
capable of counting alpha and beta-activity simultaneously 
thus considerably reducing the counting times. The detector 
is 1-1/4” in diameter using methane as the counting gas.
The background for betas is less than one count per minute, 
with an efficiency of about 5®% and the alpha background is 
6 to 10 counts per hour, with an efficiency of 35%* These 
figures indicate a much improved "figure of merit" (effic­
iency^/ background). It was found that with both beta­
counting assemblies there was a significant contribution 
from the alpha-emitting tracers. In the case of protactinium- 
231 the apparent beta to alpha ratio remained constant over 
the duration of the measurements of a few months. With 
neptunium-237 the beta to alpha ratio increased with time 
owing to the growth of the beta-emitting protactinium-233 
daughter. An empirical growth curve was plotted and used to 
correct the neptunium beta count rate (Figure 2). It was
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found convenient to plot the activity against (1 - e 27.0
where t is the time in days. A straight line can then be 
fitted and a growth curve replotted against time in days.
Investigation of Radiochemical Purity
The radiochemical purity of the sources was checked by 
following the decay for at least two half lives. Typical 
decay curves are shown for neptunium-239 in Figure 5 and for 
protactinium-233 in Figure 6.
Where possible additional checks were made by examina­
tion of the gamma spectra (Figures 7 and 8) and the con­
struction of beta absorbtion curves (Figures 9 and 10).
The energy of the alpha activity recovered was also 
checked for the earlier samples analysed by this method, 
using a gridded ionization chamber connected to a slow 
Wilkinson 100-channel pulse height analyser. The resolution, 
though excellent with sources prepared on platinum trays 
(see Figure 3 for example), was only fair when stainless 
steel discs were used. It was sufficiently good, however, 
to verify the identity of the alpha-activity, and to indi­
cate the absence of major contaminants (Figures 11 and 12).
Figure 5 2 Decay of some neptunium-239 sources
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Figure 6: Decay of some protactinium-233 sources
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Figure 7: Gamma spectra of some neptunium-239 
sources.
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Figure 8: Gamma spectra of some protactinium-233 
sources.
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Figure 9: Beta absorbtion curves for some 
neptunium-239 sources.
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Figure 10: Beta absorbtion curves for some 
protactinium-233 sources.
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Figure 11; Alpha spectrum of neptunium-237+239
source
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Figure 12: Alpha spectrum of protactinium-231+233 
source«
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Possible Interferences
The production of protactinium-233 and neptunium-239 by 
mechanisms other than the (n, # ) reaction is possible, and
the probability of interference from these sources must be 
considered. In addition, a more serious interference could 
occur by the formation of the alpha-emitters protactinium-231 
and neptunium-237 during neutron irradiation. If signifi­
cant activities of these radionuclides were produced, the 
chemical recoveries determined by alpha counting would be 
higher than the true yield, resulting in incorrect values 
for uranium and thorium. Some of the reactions which might 
cause interferences are listed in Table 3*
The uranium isotopes of mass numbers 233 and 236 do not 
exist in detectable amounts in nature so that direct inter­
ferences from these nuclides are not possible. Second order 
reactions can be postulated following the formation of these 
nuclides during neutron irradiation, but the small amounts 
produced in a short irradiation period combined with the low 
probability of fast neutron reactions taking place in a 
predominantly thermal flux make these interferences extremely 
unlikely.
Plutonium-239 has been reported to exist in nature 
(Seaborg and Perlman 1948) to the extent of one part in 10^ -4
TABLE 3
Possible Nuclear Reactions Causing Interferences
Target
Nuclide
Natural 
Isotopic 
Abundance{%)
Nuclear
Reaction
Product
of
Reaction
2 3 2T h 1 0 0 (n,2n) 2 3 1T h _
2 33{j - (n,p) 2 3 3 Pa
2 3 5 u 0 . 7 1 4  (n, % ) 236u (n, ) 2 3 7 N p . oL 233Pa
2 3 6 tj - (n, oc ) 2 33rph 2 3 3 p a
2 3 8 u 9 9 .3 (n,2n) 2 3 7 N p - oL -> 233Pa
2 3 9 p u M (n,p) 2 3 9 Np
31
in pitchblende, but abundances of this order are unlikely to 
cause any serious error in the present determinations. 
Plutonium-239 is produced during neutron irradiation of 
uranium-238, but the amount formed depends directly on the 
amount of uranium present, and in any case is insignificant 
during a short irradiation.
The (n,2n) reaction for thorium-232 has a threshold 
energy of 6.3 MeV and a cross section of 12.4 millibarns 
(Phillips 1958). Our irradiations were carried out in a 
graphite facility of HIFAR in which the residual fission 
flux is about 3 x 10^ neutrons.cm"^.sec.. (Connelly, person­
al communication). Only 2.05% of fission neutrons have 
energies above 6.3 MeV, therefore the effective flux giving 
rise to the thorium-232 (n,2n) reaction is only 6 x 103 
neutrons.cm"^.sec, .  A flux of this magnitude will produce 
only 5 x 10*3 disintegrations per minute of protactinium-231 
from 1 jig of thorium during irradiation for a week.
The threshold energy for the reaction ^88p(n,2n)
237u is about 6 MeV and the cross section reaches a maximum 
value of 1.5 barns at a neutron energy of 10 MeV. A one 
week irradiation in the low fission flux described above will 
produce less than 10"*^  disintegrations per minute of 
neptunium-237 from 1 jig of uranium.
The production of neptunium-237 by a second order 
reaction
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2 3 $ u ( n ,  y ) 236u n^  ^  ^ ) 237|j ß____  237Np
6.75 days
may be postulated, but it can be calculated that 1 p.g of 
natural uranium irradiated for a week in a similar flux to that 
used in these determinations, would produce an activity of 
neptunium-237 of less than one disintegration per year.
Protactinium-231 is present in the decay chain of 
uranium-235* The specific activity of 235jj ±s 4.74 x lo3 
disintegrations min.“^mg”*^, therefore the activity of 2^^Pa 
in equilibrium with 1 jug of natural uranium is 3*4 x 10“A 
disintegrations per minute. As the amounts of sample used 
for these determinations usually contain considerably less 
than 1 jug, and 100 counts per minute (efficiency 50$) of 
protactinium-231 are added as tracer, the error introduced by 
the presence of naturally occurring protactinium-231 is con­
siderably less than 0.1$.
Thorium-230 (ionium) is present in the decay chain of 
uranium-238, and protactinium-231 is formed during neutron 
irradiation by an (n, J ) reaction on this nuclide. The 
cross section of this reaction for thermal neutrons is 35 
barns. Xn a thermal flux of 9 x 10  ^neutrons.cm .sec.”x 
during one week the thorium-230 in equilibrium with 1 jxg of 
natural uranium produces about 4 x 10“^ disintegrations per 
minute of protactinium-231* This level is too low to cause 
any significant interference.
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The effect of neutron self-shielding in the samples is 
not considered significant because of the small sample size 
and the low cross sections of the major matrix materials.
The small amounts of thorium and uranium in the compar­
ator standards combined with their comparatively low cross 
sections for thermal neutrons reduce the probability of self­
shielding in this energy region to a negligible level; how­
ever there is the possibility of self-shielding for neutrons 
in the epithermal energy range owing to resonance capture.
In the irradiation position used, the ratio of total epi­
thermal neutron density to total thermal neutron density is 
4 x 10~4, From this it can be calculated (Westcott I960) 
that resonance capture by uranium-238 produces only about 5% 
of the total neptunium-239> and by thorium-232 only 0.6$ of 
the protactinium-233 activity. It can be seen that self­
shielding for resonance energy neutrons would have to be 
very serious to cause a significant error in the uranium 
determinations and would cause no serious error in the 
thorium determinations.
Recommended Procedure
1) Preparation of Anion Exchange Columns
Prepare the anion-exchange columns by slurrying 1 g of 
Deacidite FF (SRA 71f 100-200 mesh, 7-9% cross-linked) into
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a glass tube, 6 mm internal diameter, drawn down to about 1 
to 2 mm internal diameter at the lower end. The resin is 
retained by a small plug of cotton wool. Wash the column 
with 10 ml of demineralized water followed by 10 ml of 8 M 
hydrochloric acid.
In the original method (Morgan and Lovering 1963) a 
polythene tube was recommended, as a precaution against 
absorbtion of protactinium on the walls, however it was 
found that no significant loss was apparent when glass was 
used, probably due to the high acid concentration.
2) Preparation of Tracers
a) Neptunium-237* Purify the neptunium-237 tracer 
immediately before use. Take 0.1 ml of a solution contain­
ing 5 x 104 alpha counts per minute per ml of neptunium-237> 
add 1 ml of 5 M hydroxylamine hydrochloride solution, 1 ml 
of 0.1 M ferric chloride solution and 8 ml of 10 M hydro­
chloric acid. Mix well and warm for 10 minutes. Cool and 
load on to the prepared anion-exchange column. Wash through 
with 5 ml of 8 M hydrochloric acid. Elute with 10 ml of 5*9 
M hydrochloric acid and make up to 50 ml with 8 M hydro­
chloric acid. Note the time of elution.
b) Protactinium-231* Take 1 ml of a solution contain­
ing about 5 x lo4 alpha counts per minute per ml of 
protactinium-231 and make up to 10 ml, 8 M in hydrochloric
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acid* Load on to a prepared anion-exchange column and wash 
through with a further 5 ml of 8 M hydrochloric acid. Elute 
with 10 ml of 3*8 M hydrochloric acid and make up to 50 ml 
in 8 M hydrochloric acid* Take 5 ml and dilute to 50 ml in 
8 M hydrochloric acid for use.
It was found convenient to make up the dilute tracer 
solution to contain both neptunium-237 and protactinium-231 
tracers.
3) Preliminary Treatment of Samples
After irradiation allow about 24 hours to elapse to let 
the shorter-lived activities to decay. Open the sample 
ampoules and transfer the contents of each to a clean weighed 
zirconium crucible, and reweigh. For some duplicate deter­
minations twice the amount of sample was put in each ampoule, 
which was then divided between two zirconium crucibles after 
irradiation. This enabled the number of determinations per 
irradiation to be doubled. Add 1 ml of the combined 
neptunium-237 and protactiniun-231 tracer solution. Evapor­
ate to dryness under a lamp and cool. Add 2 - 4 g of 
analytical reagent sodium peroxide and heat gently in a gas 
flame until the peroxide melts. Heat to a dull red heat and 
swirl carefully for about 5 minutes to aid mixing of sample 
and tracers. After cooling, wash the outside of the zircon­
ium crucible with demineralized water, transfer the crucible
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to a 250 ml beaker containing 100 ml of demineralized water, 
and cover with a watch glass. When the reaction has finish­
ed, remove the crucible from the solution with clean 
platinum-tipped tongs, and wash the outside of the crucible 
into the beaker. Wash the crucible out with 3 ml of concen­
trated hydrochloric acid, warming to assist dissolution of 
any residue, add 10 ml of demineralized water to the con­
tents of the crucible and transfer the solution to the 
beaker. Wash the crucible out with a further 10 ml of water 
and add this to the solution in the beaker. Stir to aid 
mixing and warm on a hot plate to near boiling for about 10 
minutes. Cool, centrifuge the solution in 30 ml batches in 
a polypropylene centrifuge tube, and discard the supernatant 
liquid. Wash the precipitate with water, centrifuge and 
discard the washings. Dissolve the precipitate in dilute 
hydrochloric acid and transfer to a clean platinum dish.
Add 5 nil of 40% hydrofluoric acid and evaporate to dryness 
under a heat lamp. Allow to cool, add 5 ml of 40% hydro­
fluoric acid and 5 ml of 72% perchloric acid, take to dryness 
again. Cool, add a further 5 ml of perchloric acid and take 
to dryness once more.
After cooling, dissolve the residue in the dish in 15 
ml of 2 M hydrochloric acid, warming gently if necessary, and 
transfer the solution to a polypropylene centrifuge tube.
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Wash the platinium dish with 5 ml of 2 M hydrochloric acid 
and transfer this also to the centrifuge tube. Add suffic­
ient 5 M carbonate-free sodium hydroxide solution to precip­
itate the insoluble hydroxides, and allow to stand for 10 
minutes. Centrifuge and discard the supernatant liquid, 
wash the precipitate with demineralized water, centrifuge 
again and discard the washings. Redissolve the precipitate 
in 10 ml of 10 M hydrochloric acid and return to the platin­
ium dish. Wash the tube out with 5 ml of demineralized 
water and add to the solution in the dish. Take to dryness. 
Dissolve the residue in 1 ml of 5 M hydroxylamine hydro­
chloride solution and 1 ml of demineralized water, warming 
slightly if necessary. Add 8 ml of 10 M hydrochloric acid. 
If a precipitate forms on the addition of the acid, remove 
by centrifuging.
Load the 8 M hydrochloric acid solution of the sample 
on to a prepared anion-exchange column and allow to pass 
through under gravity. Redissolve any precipitate in the 
dish or centrifuge tube with a further 1 ml of 5 M hydro- 
xylamine hydrochloride solution and 1 ml of water, add 8 ml 
of 10 M hydrochloric acid, centrifuge if necessary and put 
the resulting solution on to the anion-exchange column.
Elute the neptunium from the column with 10 ml of 5*9 M 
hydrochloric acid, and note the time in order to calculate
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the growth of protactinium-233 from neptunium-237 while in 
contact with the protactinium-231 tracer.
Elute protactinium from the column with 10 ml of 3*8 M 
hydrochloric acid, and collect in a receiver containing 5 ml 
of 10 M hydrochloric acid,
4) Procedure for Neptunium
Collect the 5*9 M hydrochloric acid eluate from the 
anion-exchange column in a clean polypropylene centrifuge tube. 
Add 1 ml of zirconium hold-back carrier solution (containing 
5 mg of Zr+4per ml), 1 ml of 5 M hydroxylamine hydrochloride 
solution, 0.5 ml of lanthanum carrier solution (containing 
20 mg of La+3per ml), and mix well. Add 3 ml of 40$ hydro­
fluoric acid and stir for 10 minutes. Centrifuge to compact 
the lanthanum fluoride precipitate. Add 0.5 ml of lanthanum 
carrier solution and stir gently for 10 minutes, endeavouring 
to leave the centrifuged precipitate undisturbed. Centri­
fuge and discard the supernatant liquid. Wash the precipi­
tate in 5 ml of a wash solution containing 1 M nitric acid 
and 1 N hydrofluoric acid, stirring vigorously to break up 
the precipitate. Spin in a centrifuge and discard the 
supernate.
Prepare a salting-out solution by dissolving 1050 g of 
aluminium nitrate nonahydrate in water to give 800 ml of 
solution, warming to give a clear solution. Add 135 ml of
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concentrated (14*8 N) ammonia and stir well until the solu­
tion clears. Cool below 50°C and add 50 nil of 10% tetra- 
propyl ammonium hydroxide solution. Make up to 1 litre with 
demineralized water. Add 6 ml of salting-out solution to 
the tube containing the precipitate and centrifuge. (Owing 
to the high density of the salting-out solution, centrifug­
ing breaks up the lanthanum fluoride precipitate and assists 
dissolution.) Stir for 10 minutes to dissolve the precipi­
tate completely. Add 0.1 ml of 0.25 M potassium permanganate 
solution to oxidize neptunium to the hexavalent state.
Extract for 3 minutes with 3 ml of MIBK. Separate the 
organic and aqueous phases by spinning in a centrifuge, and 
transfer the MIBK to a clean polypropylene centrifuge tube. 
Add 4 ml of a reducing solution containing 0.25 M ferrous 
chloride, 0.5 M hydroxylamine hydrochloride and 1 M hydro­
chloric acid, and stir for 10 minutes. (The reducing solu­
tion should be made up freshly each day.) Centrifuge, 
remove the MIBK layer and discard. To the aqueous layer, 
add 2 ml of 10 M hydrochloric acid, 4 ml of demineralized 
water, 1 ml of 5 M hydroxylamine hydrochloride solution, 1 
ml of zirconium hold-back carrier, and 0.5 ml of lanthanum 
carrier. Mix well. Add 3 ml of 4®% hydrofluoric acid and 
stir for 10 minutes. Spin in a centrifuge, then add 0.5 ml 
of lanthanum carrier and stir for 10 minutes. Centrifuge
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and discard the supernate. Wash the precipitate with 5 ml 
of a solution containing 1 M nitric acid and 1 N hydro­
fluoric acid, spin in a centrifuge and discard the washings.
Redissolve the lanthanum fluoride precipitate in 6 ml 
of the salting-out solution, oxidize the neptunium by the 
addition of 0.1 ml of 0.25 M potassium permanganate solution, 
and extract for 3 minutes with 3 ml of MXBK. Separate the 
phases in a centrifuge and transfer the organic layer to a 
clean glass centrifuge tube. Note the time for the zero 
point of the growth of protactinium-233* Strip the MIBK with
4 ml of reducing solution. Spin in a centrifuge and transfer 
the aqueous layer to a clean glass centrifuge tube contain­
ing 3 ml of a 0.5 M solution of TTA in xylene. Stir care­
fully for 10 minutes, avoiding atmospheric oxidation of
iron II as far as possible, while ensuring good mixing of 
the two phases for good extraction. Centrifuge and discard 
the aqueous phase.
5 ) Procedure for Protactinium
Collect the 3*8 M hydrochloric acid eluate from the 
anion-exchange column in a clean polypropylene tube contain­
ing 5 ml of 10 M hydrochloric acid. Stopper the tube and 
set aside until the neptunium separations are complete. Add 
2 ml of stannous chloride solution containing 0.7 g SnCl2 
per ml in 6 M hydrochloric acid. Add 0.6 g of oxalic acid
41
and stir well until dissolved. Add 5 ml of DIBC, previously- 
equilibrated with 6 M hydrochloric acid and stir for 10 
minutes. Spin in a centrifuge and transfer the organic 
phase to a clean polypropylene centrifuge tube. Add a 
further 3 ml of DIBC to the aqueous phase and extract for 10 
minutes. Separate the phases in a centrifuge and add the 
organic phase to the first DIBC extract. Wash the combined 
organic phases three times with 5 ml of a solution containing 
6 M hydrochloric acid and 4% oxalic acid, discarding the 
washings each time.
Add 4 ml of 1 N sulphuric acid and stir for 10 minutes. 
Centrifuge and transfer the aqueous phase to a clean poly­
propylene centrifuge tube. Add 6 ml of 10 M hydrochloric 
acid and mix well. Extract for several minutes with 5 ml of 
MIBK, previously equilibrated with 6 M hydrochloric acid.
Spin in a centrifuge and discard the aqueous phase. Strip 
the MIBK with 3 ml of 2 M hydrochloric acid, separate the 
phases in a centrifuge, and transfer the hydrochloric acid 
to a clean polypropylene tube containing 3 ml of 0.5 M TTA 
in xylene. Strip the MIBK with a further 2 ml of 2 M hydro­
chloric acid and combine the two aqueous phases. Extract 
for 10 minutes and centrifuge. Carefully remove all the 
aqueous phase and discard.
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6) Preliminary Treatment of Standards
After irradiation it is advisable to leave the standards 
unopened until the processing of the samples is well advanc­
ed, in order to avoid any possibility of cross-contamination. 
Tap the silica down into the bottom of the ampoule, then 
carefully crack open the tube, and transfer the contents 
into a clean platinum dish. Wash the ampoule out at least 
ten times with 8 M hydrochloric acid, using a transfer 
pipette. Pipette into the dish accurately 10 ml of the com­
bined tracer solution, and add 1 ml of 0.1 M ferric chloride 
solution, as a non-isotopic carrier. Take to dryness under 
a heat lamp. The further treatment of the standards is 
similar to that of the samples, beginning at the hydrofluoric 
acid treatment.
After the elution of the neptunium and protactinium 
fractions from the anion-exchange column approximately 1 to 
2 ml aliquots are taken for subsequent purification.
7) Preparation of Sources
Take a 1” diameter stainless steel counting disc, write 
the sample and batch number on reverse side and clean with 
acetone. Heat the disc on a 1” length of 1M external diam­
eter aluminium tubing standing on a level hot plate. Adjust 
the temperature so that the organic solution evaporates 
steadily without spraying or charring. Carefully transfer
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the final TTA-xylene solution to the counting disc drop by 
drop. When the solution has all evaporated burn off the 
organic residue in a gas flame. In the case of the neptunium 
sources it is important to begin heating the disc in the 
flame as soon as the xylene has evaporated, at this stage 
the residue is a quite fluid tar and the disc can be manipu­
lated in the flame so that the residue does not form 
bubbles, but burns down to a shiny uniform deposit. Protac­
tinium sources can be burned off without any special precau­
tions.
8) Calculations
a) Uranium from Neptunium-239 activity
Correct the beta count rate of neptunium for dead time 
losses and the background count rate. Divide the neptunium 
count rate by the fractional recovery and then subtract the 
contribution from the neptunium-237 tracer and the growth of 
its daughter protactinium-233 since the end of the separation. 
The resulting count rate is then corrected for decay.
Then
uranium in sample -
uranium in standard x corrected ^^Np activity in sample 
corrected 239jjp activity in standard
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b) Thorium from Protactinium-233 Activity 
Correct the beta count rate of protactinium for dead 
time losses and background count rate. Correct alpha count 
rate for background and calculate the radiochemical yield. 
Divide the corrected beta count rate by the fractional yield 
and subtract the contribution from the protactinium-231 
tracer. Correct the resulting count rate for decay. Make a 
correction for the protactinium-233 contamination introduced 
by the neptunium-237 tracer between the time of purification 
of this tracer and the time of the separation of the neptun­
ium and protactinium fractions on the anion-exchange column. 
Then
thorium in sample =
thorium in standard x corrected ^ 3 p a activity in sample 
corrected ^33pa activity in standard.
CHAPTER 1-2
URANIUM AND THORIUM ABUNDANCES IN CHONDRITIC METEORITES
The chondritic meteorites are considered by many to be 
the best sample available for study of the abundance of the 
less volatile elements in the solar system and for this 
reason have been studied intensively. Many investigations 
of the uranium content of chondrites have been made (those 
prior to 1958 have been summarized by Reed 1959), but it was 
not until the activation work of Hamaguchi, Reed and 
Turkevich (1957) that a consistent value began to emerge, at 
least for the "ordinary” hypersthene and bronzite chondrites. 
Subsequent work has confirmed these results and has been 
extended to include the rarer, and possibly more significant, 
classes of chondrites. The only reliable thorium determina­
tions in chondrites are those of Bate et aJL. (1957> 1959)* 
These previous results for uranium and thorium in chondrites 
are summarized in Tables 4 and 5* It will be noticed that 
in no case has uranium and thorium been measured on the same 
sample, and that there are no measurements for thorium in 
carbonaceous, pigeonite or enstatite chondrites.
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TABLE 4
Recent Neutron Activation Measurements of Uranium 
in Carbonaceous and Enstatite Chondrites
Meteorite
Name Uranium 10~^g/g
Carbonaceous 
Orgueil (Type I) 8(i)
Mighei (Type II) 16<i>
15 Ü)
Murray (Type II) 20(;j)
Lance (pigeonite) 28<k)
Enstatite
Abee nU)
l5(d)
Indarch le*1 )
Saint Mark*s
9(d)
120, 9*1'
See Table 5 for References
TABLE 5
Recent Measurements of Uranium and Thorium 
in Ordinary Chondrites
Meteorite
Name
Uranium 10“^g/g 
Neutron Activation 
Fission 2^Np
Other
Methods
Thorium 10“^g/g 
Neutron 
Activation
233pa
Akaba 8.2(e) — 8.4(h)
9(5)
Beardsley - - 43(c)
Beddgelert O•Hca - -
W)'w'0•00O*
Breitseheid 12.3(e^ - - -
12.4(f^
15(g)
Bruderheim 15(d) - - -
Ensisheim (light) l7(k) - - -
(dark) X6<k> - -
Ergheo 2l(3) - - -
Forest City 10.6<b) 9.9(b) - 44(c)
i5(i) - - 38.7*d*
Holbrook XX.2^) X4.o(fe) — 9q (c)
Xö^) — — 3 8 . 0 ^
Mocs xx(j) «■»
TABLE 5 ( c o n t . )
M e t e o r i t e
Name
U ra n iu m  1 0 “ ^ g / g  
N e u t r o n  A c t i v a t i o n  
F i s s i o n  2^ N p
O t h e r
M e th o d s
T h o r iu m  10*“9 g / g  
N e u t r o n  
A c t i v a t i o n
2 3 3 P a
Modoc 1 0 . 8 ^ b ^
OO•oH l l ( a ) 3 9 . 2 ^
P a n t a r  ( l i g h t ) 1 3 . 3 ^ - - -
1 3 . 5 ( k * - - -
P l a i n v i e w 1 3 ( j )
P u l t u s k 12* - - -
1 2 . 3 < f > - - -
R i c h a r d t o n 1 1 . 3 ( h ) 1 3 . o ( b ) - 3 8 . 0 <d )
13 (•* ) — — -
S t a l l d a l e n i X( d ) - -
TABLE 5 : References and Methods
a) Patterson et al. (1953)? isotope dilution.
b) Hamaguchi et al. (1957)? ^4^Ba and ^^Np.
c) Bate et al. (1957).
d) Bate et al. (1959).
e) Ebert et al. (1957)? l33Xe.
f) König and Wanke (1959)? 3‘33Xe.
g) Hernegger and Wanke (1957)? ^4^Ba.
h) Dalton (unpublished thesis), fluorimetric.
i) Reed et al. (I960), 14°Ba.
j) Goles and Anders (1962), ^-31-135
k) Reed (1963), 14°Ba.
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In the present work, as mentioned earlier, the two 
elements were determined on the same sample, thus leading to 
a meaningful value for the thorium ; uranium ratio. The 
results for the 36 chondrites analysed are presented in 
Tables 6 to 11 inclusive. The values for Orgueil I, Mokoia, 
Karoonda and Hvittis have been published previously 
(Lovering and Morgan 1964)*
The values obtained for some of the specimens appear to 
be unusually high. Wherever possible these measurements 
have been repeated on samples from other sources, or on 
powders prepared from other pieces of the same specimen, 
taking extreme care to avoid the inclusion of any possibly 
contaminated outer surface. In many of the cases there are 
good reasons for rejecting the high values. These will be 
discussed below.
Orgueil
Reed ejb al. (I960) obtained a value for uranium of 
8 x 10“9g/g for this meteorite, and thought that this value 
may be 30% too high. The values obtained in this work are 
higher by a factor of four or five. It may be argued that 
the samples used in the present work are contaminated, how­
ever it seems extremely unlikely that three separate pieces 
of this meteorite, prepared by three different people, should 
be contaminated to about the same extent.
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In view of this there appears to be no valid argument 
for the rejection of the values obtained here.
Saint Mark’s I and Khairpur I
These specimens were both obtained from the same collec­
tion and were small pieces which it was impossible to subject 
to rigorous decontamination procedures during preparation of 
the sample. In view of the very much lower values obtained 
for samples of these same meteorites prepared more stringent­
ly from larger specimens received from other collections it 
is felt that these analyses should be rejected.
Renazzo
Though there is no c* priori reason for rejecting these 
analyses on this unusual meteorite, it was a very small 
sample obtained from the same source as Saint Mark’s I and 
Khairpur I, and for this reason is the subject of suspicion. 
It is interesting to note that Schmitt e^ t al. (1963) report 
3.0 ppm uranium in a sample of the achondrite Shalka obtained 
from the same collection as Renazzo, Saint Mark’s I and 
Khairpur I, in this work a value of 0.011 ppm was obtained 
for this achondrite.
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Forest Vale I, Mount Browne It Zhovtnevyi I,
Farmington I and Homestead I
These specimens all have similar histories, and were 
obtained from the same collection, repeat samples give much 
lower values indicating that the former samples were contam­
inated*
Hoc s
No repeat analysis was made on this meteorite as the 
supply of the sample was exhausted. However as the sample 
analysed had a similar history to the five preceding ones it 
seems likely that the high abundance found was due to con­
tamination, and these values should therefore be rejected. 
Further justification for this rejection is found in the 
fact that a single determination of the uranium content of 
Mocs by Goles and Anders (1962) yielded a value in accord 
with that generally accepted for the ordinary chondrites.
The uranium and thorium values retained in the present 
work are compared with the former analyses in Table 12. In 
general, the agreement is quite good, except for the discrep­
ancy in the case of the Orgueil uranium abundance, which has 
been discussed above. The concordance of the present 
uranium values with those found previously in the carbona­
ceous chondrites Mighei and Murray, and the carbonaceous
TABLE 12
Comparison of Uranium and Thorium Determinations 
in Chondritic Meteorites
Meteorite Uranium 10“9g/g Thorium 10”9g/g
Name This Work Others This Work: Others
Carbonaceous
Orgueil (Type I) 22.0 8<i) 58.7 -
Mighei (Type II) 16.9 1 6 ^ 45.6 -
- 15(j)
Murray (Type II) 11.3 20 ) 46.4 -
Lance (pigeonite) 20.4 28<k) 118 -
Enstatite
Abee 9.0 ll^) 30.0 -
l5(j)
St. Mark’s 7.9 9(3) 30.4 -
^Ordinary**
Beardsley 10.3 1 1 . 3 ^ 36.3 43(e)
47.7(d)
Holbrook 13.7 11.2,14.0(1») 43.2 90
1 6 W 38.0 d^)
Pultusk 12.5 12.0(e) 40.7 -
1 2 . 3 ^
Richardton 10.7 11.3,13.o(b^ 29 • 6 38.0
For references see Table 5
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olivine-pigeonite chondrite Lance is actually closer than 
would appear at first sight, Reed’s value for Mighei is a 
single determination and is identical with the lower of the 
two values found here, Goles and Anders made duplicate det­
erminations on this meteorite and obtained 0,021 and 0.008 
ppm, the results of the present investigation lie well within 
this range. Though the present value for Murray is only 
about half the average of the previous triplicate analysis 
by Goles and Anders, the lowest of their analyses,
15 - 2 x 10“9g/g, is very close to the abundance reported 
here. Reed (1963) reported a single value for the uranium 
content of the Lance meteorite of 28 - 8 x 10~^g/g and the 
values found here, though systematically lower, fall within 
these limits of error. The new values for the uranium 
content of the enstatite chondrites Abee and St Mark’s appear 
to be systematically lower than the previous determinations 
though here again the ranges of the two sets of values over­
lap. Reed et. a^ L. (i960) think that their uranium abundances 
may be too high by some 30%, if this is so the agreement 
becomes very good indeed.
A comparison of the results in Table 12 for the ordinary 
chondrites also indicates a gratifying concordance, and 
though there is some variation in the individual values there 
seems to be no systematic bias.
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The uranium and thorium abundances found in this work 
will now be discussed for each meteorite class in some 
detail.
Type I Carbonaceous Chondrites
Only specimens from one Type I carbonaceous chondrite 
were available for study. Duplicate determinations were 
made on samples prepared from three different pieces of the 
Orgueil fall, and the results are tabulated in Table 6.
Though the analyses were generally good ones, with good 
radiochemical recoveries and free from any instrumental 
troubles, the values range over a factor of nearly two 
(uranium 0.017 to 0.029* thorium 0.040 to 0.077 ppm). It is 
reasonably certain that this variation is real so that the 
distribution of uranium and thorium would seem to be very 
inhomogeneous in this meteorite. A similar variation has 
been observed in the distribution of potassium (Murthy and 
Compston 1965). Though there is no unanimous agreement on 
the origin of the Orgueil type of carbonaceous chondrite, the 
chemical evidence indicates that it is the closest approach 
to the composition of the original material condensed from 
the solar nebula. This evidence has been summarized by 
Greenland (1963). Recently calculations have been made of 
the uranium and thorium in primitive solar material by Hoyle
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and Fowler (1963) and by Clayton (1963) which gave values 
considerably higher than the abundances then accepted which 
were based chiefly on the analysis of ordinary chondrites.
To establish the time scale of nucleosynthesis these authors 
assumed a present day thorium : uranium ratio, taking 3*8 as 
a best estimate. This value then reappeared as the ratio of 
the final calculated uranium and thorium abundances.
The silicon abundance in the Orgueil meteorite has been 
measured by A.J. Easton to be 10.55 per* cent in specimen I 
investigated here, Wiik (1956) found 11.01 per cent in an­
other specimen. It seems clear that the silicon content of 
Orgueil is quite uniform. In order to calculate the atomic 
abundances of uranium and thorium on the basis of 10^ silicon 
atoms an average value of 10.78 per cent silicon was used.
The results of this calculation are shown in Table 13, 
together with the abundance calculated by Hoyle and Fowler 
(1963) and Clayton (1963). The error quoted for the Orgueil 
results is the standard deviation calculated from the six 
individual analyses, the error due to the counting statis­
tics in each individual determination is small compared with 
the spread of the six determinations and was neglected.
The two calculated uranium abundances are not entirely 
independent of each other, Hoyle and Fowler arrived at an
TABLE 13
A Comparison of the Calculated Primordial Abundances of 
Uranium and Thorium with Empirical Values in the Orgueil
Carbonaceous Chondrite
Atomic Abundance per 10  ^ Thorium-232: 
_____Silicon Atoms______ Uranium-238
___________________________ Uranium_____ Thorium ____ Ratio___
Hoyle and Fowler
Clayton (1963 )
Orgueil
Heated Orgueil I
(1963) 0.034-0.011 0.130*0.043 3.8
0.048^0.019 0.184“0.074 3.8
0.024-0.005 0.066*0.017 2.73-0.18
0.022^0,003 0.082*0.009 3.76±0.10
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expression for uranium which depended on a term r’, which 
they obtained by fitting of their r-process to the observed 
abundances. Clayton was able to derive an expression for rf 
in terms of the solar lead abundances. The values for the 
uranium abundances obtained by Clayton would have been very 
little different if the empirical lead abundance in Orgueil 
(Reed e_t al. I960) had been used.
The uranium abundance reported here, while considerably 
lower than the calculated values, is within the limits of 
error, however the experimental thorium value is very much 
lower than that calculated. This discrepency may be due to 
the fact that Hoyle and Fowler assume a thorium-232 : 
uranium-238 ratio of 3*8, Clayton then followed this assump­
tion. The average thorium-232 : uranium-238 ratio observed 
for Orgueil in this work was 2.73 - 0.18, a significantly 
lower value. It was thought that perhaps the difference was 
due to the assumed value being based on differentiated 
meteoritic and terrestrial material. Loss of uranium during 
the early history of the Earth and meteorite parental aggre­
gation could satisfy the restrictions imposed by the present 
results, the thorium : uranium ratio derived from lead iso­
tope measurements, and the calculated primordial uranium
abundances
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A crude experiment was carried out to study the feasi­
bility of this idea. A portion of the Orgueil I sample had 
been heated in an inert atmosphere at 1700°C for 15 minutes 
by Dr L.P. Greenland as part of his investigation of trace 
elemental abundances. The silicate phase of the residue was 
analysed for uranium and thorium. An analysis for silicon 
carried out by Mr A.J. Easton enabled the results obtained 
to be correlated back to the original composition. The 
results are shown in Table 6, and recalculated to atoms per 
10^ silicon atoms in Table 13* It will be seen that the 
thorium : uranium ratio is very close to that assumed by 
Hoyle and Fowler. While the experiment is far from rigorous 
and the results may be interpreted in several ways it does 
indicate that a small loss of uranium by volatilization is 
at least a possibility. Both the uranium and thorium values 
found in the heated specimen are within the range of those 
found in the three unheated samples, and it may be argued 
that the high ratio in the melted specimen is an extreme 
case of the sample inhomogeneity observed in this meteorite. 
However, in spite of the variation of the absolute uranium 
and thorium abundances all the ratios of the six determina­
tions lie between 2.1 and 3*0. If the low ratios found in 
the untreated samples of Orgueil are indeed real then the 
chronology of nucleosynthesis of Fowler and Hoyle (I960) and
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Clayton (I964) will need re-examination, this topic will be 
further discussed in Part Three.
Type II Carbonaceous Chondrites
Four specimens of Type II carbonaceous chondrite were 
examined, Cold Bokkeveld, Mighei, Murray and Renazzo, 
unfortunately the results on the very important chondrite 
Renazzo had to be discarded due to probable uranium and 
thorium contamination. A carbonaceous inclusion from the 
Bencubbin mixed meteorite (Lovering 1962), which has been 
tentatively assigned to this class by Greenland (1963) has 
also been analysed. As will be seen later, the trace 
element results obtained here indicate that this inclusion 
may be more related to the carbonaceous olivine-pigeonite 
chondrites.
The uranium contents of the three chondrites studied 
range between 0.011 and 0.018 ppm (Table 7) with an average 
value of 0.013 ppm. The Bencubbin inclusion has a slightly 
higher average value although the ranges overlap. The 
thorium contents of the three chondrites are closely grouped 
ranging between O.O4O and O.O46 ppm with an average value 
of 0.044 ppm. In the Bencubbin inclusion, however, the 
thorium content is considerably higher with an average abun­
dance of 0.076 ppm, more in keeping with the thorium
results obtained with the carbonaceous olivine-pigeonite 
chondrites.
The results found here indicate a depletion of uranium 
and thorium with respect to the Orgueil Type I carbonaceous 
chondrite, together with an increase in the thorium : 
uranium ratio from 2.6 to 3»4* A similar trend of increas­
ing ratio with decreasing uranium abundance appears to hold 
within the Type II carbonaceous group.
Olivine-Pigeonite or Type III Carbonaceous Chondrites
Analyses for uranium and thorium were carried out on 
five members of this class of chondrite, three carbonaceous 
(Lance, Mokoia and Warrenton) and two non-carbonaceous 
(Karonda and Ngawi*). The results are listed in Table 8.
The three carbonaceous samples have uranium values bet­
ween 0.014 and 0.023 ppm and thorium abundances between 
0.060 and 0.13, averaging 0.017 ppm U and 0.087 ppm Th.
The uranium and thorium contents of the two non-carbonaceous 
specimens range between 0.010 to 0.015 ppm and 0.042 to 
0.060 ppm respectively, the averages being 0.012 ppm U and 
0.050 ppm Th. The thorium : uranium ratio observed in the 
—
This specimen appears in hand specimen to be more related 
to the amphoterite subgroup of ordinary chondrites (Lovering 
personal communication).
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olivine-pigionite chondrites is systematically higher than 
the carbonaceous chondrites, a histogram of the ratios of 
these classes is shown in Figure 13* It can be seen that 
there is a strong grouping of values for Type II and olivine- 
pigeonite chondrites about a mean of 4»1* The change of the 
thorium : uranium ratio with uranium content in the olivine- 
pigeonite chondrites appears on the small number of data 
presented here to be in the reverse direction that found 
both between and within the other chondrite groups, that is, 
there is an increase of the ratio with increasing uranium. 
This trend however is strongly controlled by one sample, 
Lance, and may be merely a fortuitous juxtaposition of the 
sparse data.
It has been suggested that chemically the olivine- 
pigeonite chondrites appear to represent a stage in an evo­
lutionary path from the carbonaceous chondrites to the 
bronzite chondrites (Wiik 1956). However this is not the 
trend that is apparent from the results presented here and 
in subsequent sections. It seems clear that the pigeonite 
chondrites are related to an evolutionary path through the 
Type I and Type II carbonaceous chondrites. The ordinary 
chondrites, on the other hand, appear from the uranium and 
thorium evidence to be associated with the Type II carbon­
aceous chondrites by a quite different relationship.
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The Bencubbin carbonaceous inclusion has both uranium 
and thorium contents which lie within the range of the 
carbonaceous olivine-pigeonite chondrites, which could be 
taken as evidence for its admission to this class of 
chondrite, however the thorium : uranium ratio is slightly 
lower. Perhaps this specimen represents a transitional 
type between the Type II and the pigeonite chondrites. An 
alternative explanation may be that the uranium and thorium 
abundances of the original chondrite from which this inclu­
sion was derived have been altered during the intrusion of 
the silicate breccia by the nickel-iron metal magma.
Glivine-Bronzite Chondrites (High Iron Group Chondrites)
The results of the uranium and thorium analyses for 
eight chondrites from this class are shown in Table 9«
The analyses of Forest Vale I, Mount Browne I and 
Zhovtnevyi I have been included in this table for complete­
ness, however these values have been rejected from the data 
on the basis of probable contamination. (The reasons for 
this rejection have been discussed in detail earlier in this 
chapter)•
Chondrites of this group are extremely similar in their 
uranium and thorium contents, with uranium values between 
0.0094 and 0.0165 ppm (mean 0.0116 ± 0.0017 ppm) and thorium
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values between 0.0276 and 0.0428 ppm (mean O.O389 -  0.0043 
ppm). The ratio of the mean thorium and uranium values is
3.35.
The standard deviation on the average thorium figure is 
due mainly to the two low values obtained on the Richardton 
specimen. Thorium analyses by Bate et al. (1959) on another 
sample of this fall yielded an average of two values of 
O.O38O ppm, very close to the average for the bronzite chon­
drites in this work. Our sample of Richardton was a very 
small individual stone (see Appendix A) and may not have 
been completely representative of the whole mass. If the 
Richardton values were excluded the mean would then be 
0.0402 - 0.0025 ppm, however there is no real justification 
for such a rejection as little is known about the sample 
used by Bate e_t al. In any case, the inclusion or rejection 
of the new Richardton values makes little difference to the 
mean value which is very close to the average of 0.0396 -  
0.0020 ppm found for five ordinary chondrites by these 
former workers.
Qlivine-Hypersthene Chondrites (Low Iron Group Chondrites)
The results for the uranium and thorium analyses on 
specimens from this class are shown in Table 9> together 
with three representatives from the Low iron - low metal
group, Bandong, Benares and Bialystok, which will be dis­
cussed separately in the next section.
The analyses for Farmington I, Homestead I and Mocs 
were rejected, on the grounds of probable contamination, as 
discussed earlier in this chapter.
The uranium values for the eight L-Group specimens 
retained vary between the limits 0.0096 to 0.0242 ppm 
uranium (mean 0.0147 - 0.0015 ppm) and the thorium values 
between O.O383 to 0.0849 ppm (mean 0.0476 - 0.0140 ppm).
The thorium : uranium ratio of the average is 3.24« The 
large standard deviation in the thorium mean, and to a lesser 
extent in the uranium mean, is due to the very high values 
obtained in the analysis of the chondrite Bjurbole. This 
is an unusual specimen, being extremely friable, and does 
not seem to belong to the ordinary chondrites in absolute 
abundances of uranium and thorium, or in the trends observed, 
which will be discussed in a later section. In view of this 
one feels there is some justification for discussing 
Bjurbole separately from the other L-Group chondrites.
With the exclusion of this specimen the grouping of the 
uranium and thorium values becomes very much closer, yield­
ing means of 0,0133 - 0.0009 ppm U and 0.0426 £ 0.0037 ppm
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B.jurbole
This specimen is extremely chondritic. Mason (1965) 
considers it to be more primitive than most of the other 
ordinary chondrites since it appears to contain little or 
no feldspar, despite having a normal complement of sodium 
and potassium. The high uranium and thorium abundances 
observed in this stone may be another facet of its primitive 
nature. The values are within the range of those observed 
in the Orgueil Type I carbonaceous chondrite and closer still 
to the heated reduced Orgueil sample. Possibly Bjurbole was 
derived from primitive Orgueil-like material by a more direct 
route than the ordinary chondrites and has retained more of 
the original uranium and thorium.
On the other hand, this meteorite was recovered after 
falling through ice into a lake. Because of the porous tex­
ture of Bjurbole it is possible that water may have pene­
trated the stone to a considerable extent, and the high 
uranium and thorium content may be due to contamination. It 
would be interesting to analyse the chondrite Chainpur for 
uranium and thorium as this specimen is also considered by 
Mason (1965) to be primitive.
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Olivine-Hypersthene Chondrites (Low Iron - Low Metal Group)
The three chondrites examined from this group are 
Bandong, Benares and Bialystok. Bandong was formerly grouped 
with the achondrites as an amphoterite, however Kvasha (1958) 
showed that several of these meteorites do in fact contain 
chondrules, and that they should be regarded as brecciated 
chondrites. Mason and Wiik (1964) later showed that although 
the erstwhile amphoterites are related to the olivine-hypers- 
thene chondrites they do form a separate sub-class within 
this grouping characterized by a higher fayalite content in 
the olivine. The chondrite Benares was included by Mason 
and Wiik in this grouping as it also had a high fayalite 
content in the olivine. (Both Benares and Bandong have 28 
mole per cent Fe2SiO^ olivine.)
Bialystok is described by Mason (1962) as a dubious 
howardite. In his extensive study of the trace element dis­
tribution in meteorites Greenland (1963) found that the 
results of analyses for barium, chromium, copper, scandium, 
strontium and vanadium in Bialystok could just as well be 
those for an ordinary chondrite. When the uranium and 
thorium analyses were completed and were also found to 
resemble those of many of the chondrites rather than the 
howardites, the specimen was examined by J.F. Lovering who 
found that it resembled a typical amphoterite.
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The results of the uranium and thorium analyses of 
Bandong, Benares and Bialystok are included in Table 9.
The uranium contents vary between 0.0114 and O.OI32 
ppm, with a mean 0.0125 - 0.0003, while the thorium values 
range between 0.0419 and 0.0521 ppm, with a mean of 0.0477 - 
0.0016 ppm. The thorium : uranium ratio of the mean is 3.82. 
The thorium values, and also the thorium : uranium ratios 
are somewhat higher than most other ordinary chondrites, in 
fact Bandong and Bialystok are almost identical to the Type 
II carbonaceous chondrites in their uranium and thorium abun­
dances when the latter have been recalculated to a volatile- 
free basis.
It is possible that the chondrite Ngawi is also a member 
of this group (Lovering, personal communication).
The Distribution of Uranium and Thorium in the Ordinary 
Chondrites
The uranium content, the thorium content and the 
thorium : uranium ratio observed in the ordinary chondrites 
in this work are shown in the form of frequency diagrams in 
Figures 14, 15 and 16. It can be seen that the uranium con­
tent of the olivine-bronzite chondrites are all grouped 
closely together, the olivine-hypersthene chondrites on the 
other hand, are more variable, and seem to be as a group
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somewhat higher. Of course on such a small number of 
analyses it is not possible to say whether these trends are 
in fact real.
The thorium contents of all the ordinary chondrites are 
extremely uniform, with the exception of Richardton and 
Bjurbole. As mentioned above, the LL-group appear to have 
higher than average thorium contents, especially Bandong and 
Bialystok, The L-group and H-group both have a frequency 
peak in the interval 0.040 to 0.044 ppm Th, all cases above 
this interval are olivine-hypersthene (L- and LL-groups) 
and all cases except one below this interval are olivine 
bronzite chondrites.
The thorium : uranium ratio plot indicates a single 
grouping about a maximum in the interval 3«4 to 3*6, with 
no particular bias in either the L- or H-group, although 
the LL-group specimens Bandong and Bialystok are higher in 
ratio than most of the other ordinary chondrites.
The separation of these two amphoteritic chondrites 
from the other ordinary chondrites becomes more apparent 
when a plot is made of uranium abundance against the 
thorium : uranium ratio (Figure 17)» Also drawn in this 
diagram are the three type II carbonaceous chondrites, 
corrected to a volatile-free state, and Ngawi which may be a 
member of the LL-group.
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The data points for the ordinary chondrites mainly 
cluster about a line indicating a trend of increasing 
thorium : uranium ratio with decreasing uranium content.
This is not entirely due to the change of uranium with a 
constant thorium abundance, since the chondrite with the 
lowest ratio, Knyahinya, has one of the highest thorium 
abundances observed in the ordinary chondrites.
The correlation coefficient between uranium and thorium 
in the ordinary chondrites was found to be + 0,690, indicat­
ing significance at the 99 pen cent confidence level. The 
standard deviation for uranium (about 20 per cent) was con­
siderably larger than for thorium (about 8 per cent). That 
this is probably a real variation, and not due to analytical 
errors, can be illustrated by the quadruplicate determinations 
of uranium in peridotite R 420 (Table 25) and of thorium in 
the achondrite Bereba (Table 15)« The standard deviations 
are 1.1 per cent and 3*2 per cent respectively, indicating 
that the analytical errors for uranium are no greater than 
for thorium. Consequently, the variations in the observed 
chondritic abundances are probably real.
The correlation coefficent between uranium and thorium : 
uranium ratio was found to be -0.872. Dr A.T. Miesch of the 
U.S. Geological Survey has shown that if the uranium and 
thorium data are simulated by two columns each of 999 random
65
normal deviates adjusted to the same respective variances 
and means, then the thorium : uranium ratios generated from 
the simulated values are correlated to the simulated uranium 
by an identical coefficient (-0.888).
However, as the variations between samples of the 
observed uranium and thorium abundances are not merely random 
as a reflection of analytical errors, but are in fact corre­
lated, it is felt that the observed correlation between the 
experimental uranium abundances and thorium : uranium ratios 
probably has greater significance than the statistical test 
described above suggests.
The three Type II carbonaceous chondrites show a similar 
trend of increasing ratio with decreasing uranium, though the 
line (drawn broken in Figure 17) is somewhat removed from 
that through the ordinary chondrites. Bandong and Bialystok 
lie on the Type II carbonaceous chondrite line. It is 
possible that the amphoterites are a transitional stage 
between the carbonaceous (particularly the Type II) chondrites 
and the ordinary chondrites.
Possible reasons for the divergence of Richardton and 
Bjurbole from the general pattern of the ordinary chondrites 
have already been discussed earlier in this chapter. The 
evolution of the ordinary chondrites will be studied further 
in Part Three.
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Enstatite Chondrites
Eight specimens from five falls were analysed for 
uranium and thorium in the present work, however the results 
for Khairpur I and Saint Mark’s I were so much higher than 
repeat analyses on different specimens of the same falls 
that they were rejected as being very probably contaminated.
The uranium results vary between 0.00578 and 0.0178 ppm, 
with a mean of 0.00885 - 0.00115 ppm, and the thorium 
results between 0.0287 and 0.0444 ppm, with a mean of 0.0341 
i 0.0017 ppm. The thorium : uranium ratio of the mean is 
3.85. An interesting feature of the uranium results is 
that, with the exception of Khairpur II, all the values arc 
below 0.01 ppm, that is, less than any of the other chon- 
drite values found in this work.
The plot of uranium against thorium : uranium ratio 
(Figure 18) is particularly informative in the case of the 
enstatite chondrites. The decrease of ratio with increasing 
uranium is quite marked down to about 0.006 ppm U, then the
curve flattens out to an almost constant uranium value, 
even with large increases in thorium : uranium ratio. Even 
more interesting is the position of the Bishopville enstatite 
achondrite on this curve, which would seem to indicate a gen­
9
/
etic relationship between the enstatite chondrites and achon- 
drites, a topic which is pursued in more detail in the next 
chapter.
CHAPTER 1-3
URANIUM AND THORIUM ABUNDANCES IN ACHONDRITIC METEORITES
The previously published data for uranium and thorium 
abundances in achondrites (Table 14) are very sparse, partly 
due to the less intense interest in these meteorites than in 
the chondrites, and partly because of the comparative rarity 
of samples available for analysis. As with the chondritic 
analyses, it will be noticed that the uranium and thorium were 
in no instance determined on the same sample.
In the present work a collection of achondrites was 
available for study, and the results of the uranium and 
thorium analyses on these samples are listed in Table 15•
Some of these values have been reported previously (Morgan 
and Lovering 1964> 1965)* Several of the achondrites anal­
ysed by previous workers were repeated in this study, a 
comparison of the results is made in Table 16.
The Nuevo Laredo eucrite has been analysed for uranium 
by two groups and the agreement with the results presented 
here is quite good, however the thorium abundance of Nuevo 
Laredo I is in marked disagreement with both previous
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TABLE 14
R e c e n t  D e t e r m i n a t i o n s  o f  U ra n iu m  a n d  T h o r i u m  
i n  A c h o n d r i t i c  M e t e o r i t e s
U ra n iu m  1 0 ~ ^ g / g T h o r i u m  !
M e t e o r i t e N e u t r o n  A c t i v a t i o n O t h e r N e u t r o n O t h e r
Name F i s s i o n 239Np M e th o d s
A c t i v a ­
t i o n M e th o d s
J o h n s t o w n 2 , _ 5 . 5 ( c ) _
11  <«> 5 . 9 ( d )
J u v i n a s - - - - 6 0 ( h )
N o r t o n  C o u n t y - - l 0 ( a ) - -
Nuevo L a r e d o 1 2 6 ( b ) 1 2 6 ( h ) — 5 4 o ( ° ) 4 7 o ( h )
1 5 0 ( f ) 4 7 7 ( d )
P a s a m o n t e 5 4 . 2 ( e ) - - - 5 2 0 ( h )
S i o u x  C o u n t y 6 3 . o ( e ) - - - 3 5 0 ( h )
S t a n n e r n - - - - 5 0 o ( h )
B ren h am  P a l l a s i t e  - - - l l ( c ) -
( O l i v i n e )
R e f e r e n c e s :  a P a t t e r s o n  e t al_. ( 1 9 5 3 ) , s t a b l e  i s o t o p e d i l u t i o n
b H a m a g u c h i  e t a l .  ( 1 9 5 7 ) , 1 4 0 B a.
c B a t e  e t  a l . ( 1 9 5 7 ) , 2 3 3 P a .
d B a t e  e t  a l . ( 1 9 5 9 ) , 2 3 3 P a .
e  K ö n i g  a n d  Wanke ( 1 9 5 9 ) ,  1 3 3 X e.  
f  R e e d  e t  a l .  ( I 9 6 0 ) ,  1 4 0 B a .  
g  B a t e  a n d  H u i z e n g a  ( 1 9 6 3 ) ,  ^ ^ R u - ^ ^ R h .
h  Rowe e t  a l ,  ( 1 9 6 3 ) ,  gamma s p e c t r o m e t r y .
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TABLE 16
Comparison of Uranium and Thorium Determinations 
in Achondritic Meteorites
Meteorite Uranium 10r9g/g Thorium 10r9g/g
Name This Work Others This Work Others
Johnstown 11.6 2.2(e) 30.2 5.5(c)
Juvinas 99.4
11 (g) © ? 5.9(d) 60 o
Norton County 3.7 10 (a) 38.7 -
Nuevo Laredo 155 (I) 126 (b) 1570 (I) 540
132 (II) 150 (f) 459 477 (d)
139 (III) 492 (III) 470 ^
Stannern 214 - 679 500
Brenham Pallasite 4*1 - 2.9 ii (<=)
(Olivine)
References: a 
b 
c 
d 
e 
f
g
h
Patterson et <*1. (1953) 
Hamaguchi et al. (1957) 
Bate et al. (1957)
Bate et al. (1959)
König and Wanke (1959) 
Reed et al. (I960)
Bate and Huizenga (1963) 
Rowe et al. (1963)
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determinations and also repeat analyses on different samples» 
This sample was received as a powder from L.T» Silver and 
little is known about its previous history, whereas the 
later samples Nuevo Laredo II and III were prepared from 
small pieces freshly broken from the main body of the 
meteorite in the presence of Dr J»F» Lovering» For these 
reasons it seems that the sample Nuevo Laredo I is probably 
contaminated grossly with thorium, at least, and these 
results should be discarded»
The diogenite Johnstown has been analysed by two other 
groups for uranium, the value found here is in good agreement 
with the figure quoted by Bate and Huizenga (1963), however 
it is about five times larger than an earlier determination 
by König and Wanke (1959)« The thorium abundance yielded by 
the present study is higher than the other thorium analyses 
on this meteorite by a factor of five. It would seem that 
the variation is due to inhomogeneity in the sample» This 
has been found with analyses of other elements on this 
diogenite, and is probably a result of the presence of very 
large mineral segregations of sporadic distribution»
The new value for the uranium content of the aubrite 
Norton County at first sight appears considerably lower than 
the previous determination quoted by Patterson et al>
(1953)* On reference to the original isotope dilution work
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of Tilton (1951) it becomes apparent that the agreement is 
probably much better* Tilton estimated the contamination 
blank of his determination by making analyses on two samples, 
one of which was about half the weight of the other. The 
difference between the two samples gave a blank correction 
which was then applied to the value obtained with the larger 
sample. In the first run with two samples of Norton County 
a 12.7 g sample gave a value of 0.0061 ppm, whereas a 6.7 g 
sample gave O.OO69 ppm. Combining these results a figure of 
0.0054 ppm was obtained, which is in reasonable agreement 
with the value arrived at in the present work. A second run 
however resulted in the anomalous situation where the larger 
sample gave a higher result, therefore Tilton pooled the four 
values and applied a separately determined blank correction 
to give the result quoted by Patterson et al. (1953)* It 
would appear that the second run may have been contaminated 
and that the first value was probably correct.
The results presented here for thorium in Juvinas and 
Stannern differ from those reported by Rowe et al. (1963)> 
though there appears to be no systematic error. The gamma 
spectrometric value is about 50% higher for Juvinas and 30% 
lower for Stannern. The differences may be explained by 
sample inhomogeneity, although thorium determinations at 
this level are approaching the limit of sensitivity of the
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direct gamma ray method, and any non-random variation in 
background could result in large errors.
The one published value for thorium in a pallasite 
olivine is four times higher than the value found here for 
another sample of olivine extracted from the same meteorite. 
It is difficult to suggest a satisfactory explanation. The 
reason may be sample inhomogeneity, or possibly, since this 
pallasite is a find, contamination may have been introduced 
by weathering.
In general, a comparison of the achondrite results of 
the present study indicates that whilst agreement with other 
workers is not ideal in all cases, there is no systematic 
bias towards either high or low values. As the new determin 
ations of uranium and thorium were made upon the same sample 
they are probably to be preferred in any discussion of 
thorium : uranium ratios.
The evolutionary pattern of the achondrites has been 
argued by Greenland (1963)* The inferences were based on a 
large number of trace element analyses on about 20 achon­
drites which form a reasonably representative sample of the 
achondrite population. It was concluded that the enstatite 
achondrites represent melted enstatite chondrites, from 
which the metal and sulphide phases have gravitationally 
separated. The ureilites were thought to have been derived
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from the partial melting of carbonaceous or carbonaceous 
olivine-pigeonite achondrites.
The diogenites, howardites and eucrites were considered 
to represent a differentiation sequence derived from the 
silicate fraction of an ordinary chondritic magma, the more 
basic part of this differentiation being the olivine phase 
of the pallasites. From this predominantly chemical study 
Greenland was not able to reach any definite conclusion 
regarding the genesis of the angrite and nakhlites, but 
thought it possible that these were highly fractionated 
members of the achondrite differentiation sequence*
A recent study of the oxygen isotope ratios in achon­
drites and their constituent minerals (Taylor et al. 1965) 
has led to the conclusion that the diogenites, howardites 
and eucrites may well be related, but Angra dos Reis, the 
nakhlites, and Shergotty (usually classed as an eucrite) 
have significantly higher 0 ^ / 0 ^  ratios, nearer to those of 
the chondrites. The enstatite achondrites Norton County and 
Pena Blanc Springs were found to have a similar oxygen iso­
tope composition to that of the enstatite chondrites and the 
ureilite Goalpara had an unusually high oxygen-18 content. 
The oxygen isotope values for the pallasite olivines were 
not discussed in relation to the achondrites, however in 
another paper (Reuter et al. 1965) the isotope data for some
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pallasite olivines were presented and considered in relation 
to terrestrial peridotites and dunites. The uranium and 
thorium results for the achondrites will now be discussed in 
some detail, and the relevance of these results to the model 
of achondritic evolution will be considered,
Enstatite Achondrites (Aubrites)
Two of this class of achondrites were examined in this 
work, Bishopville and Norton County,
The Bishopville achondrite has recently been examined 
in some detail by X-ray microprobe analysis (Lovering, unpub­
lished). The meteorite consists almost entirely of pure 
enstatite, with some forsterite and oligoclase feldspar.
The presence of some unusually reduced sulphide phases, such 
as (Mn, Fe, Mg)S and titanium-bearing troilite, suggest that 
the Bishopville achondrite crystallized from a magma of 
enstatite chondrite composition from which the metal and 
troilite had been almost completely separated. Even though 
this magma has about the right composition for the formation 
of the Bishopville achondrite, it is still not an easy 
matter to directly crystallize orthorhombic enstatite from 
such a melt. The stable form at high temperatures is proto 
enstatite which inverts to enstatite below 1140°, Boyd and 
England (1961) have shown however that at pressures above
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about six kilobars the polymorphism of enstatite is elimin­
ated and under these circumstances enstatite can crystallize 
directly from a melt of the appropriate composition. The 
Bishopville uranium and thorium abundances bear a striking 
similarity to the depleted uranium contents and high 
thorium : uranium ratios observed in the more highly re­
crystallized enstatite chondrites Pillistfer and Hvittis.
The relationship of the uranium abundance and thorium : 
uranium ratio in Bishopville to the enstatite chondrites is 
plotted in Figure 18. It is not a rigorous comparison however 
to relate the overall abundances in Bishopville, since, if 
the hypothesis being followed here is correct, about 23% of 
metal phase and 14% of troilite have been removed by gravi- 
tional segregation. One course is to correct the observed 
abundances by a factor of 0.63> making the assumption that 
no uranium or thorium are removed with the metal and 
troilite. A value for Bishopville recalculated in this way 
is also plotted in Figure 18. It is well established that 
the uranium (Reed e^ t al. 1958) and thorium (Bate et al.
1958) contents of meteoritic iron are extremely low. Reed 
et al. (I960) report 0.004 ppm uranium in troilite from the 
Canyon Diablo iron meteorite, and Goles and Anders (1962) 
found a range of uranium abundances in five troilites vary­
ing from 0.0035 Ppm in Canyon Diablo up to 0.017 ppm in the
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Soroti troilite. There appear to be no thorium determina­
tions on troilites.
It is possible that the increase in the thorium : 
uranium ratio in going from the enstatite chondrites to the 
enstatite achondrites could well be explained by the segrega­
tion of the troilite phase having a lower thorium : uranium 
ratio than the parent chondrite. If it is assumed that the 
chondrite Pillistfer is a possible parent of the Bishopville 
type achondrite, then the likely thorium and uranium contents 
of the troilite phase may be calculated* Pillistfer has 
21*5 weight per cent metal and 9.6 weight per cent troilite, 
therefore if the Bishopville abundances are corrected by 
0*69 one arrives at 0*0036 ppm uranium and 0*0317 ppm 
thorium* By subtraction from the Pillistfer values and 
dividing the difference by the troilite abundance of 9.6 
weight per cent abundances of 0.025 ppm uranium and 0.107 
ppm thorium are obtained. These values seem improbably 
large, but some credence may be derived from the fact that 
the uranium content is quite close to the value of 0.017 ppm 
found in the troilite phase of the Soroti meteorite (Goles 
and Anders 1962). The calculated thorium abundance is in 
marked contrast to that expected from the silicate-sulphide 
distribution coefficient (Urey 1955 )> there are two likely 
explanations for this. Firstly, the assumptions made in the
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calculations made above are incorrect^ or secondly, that 
under the extreme reducing conditions inferred from the 
unusual sulphide phases in Bishopville it is possible that 
uranium and thorium are chalcophile.
Uranium and thorium analyses on troilite separated from 
these very reduced meteorites are planned in the near future 
to elucidate this point.
The Norton County aubrite is unique amongst the achon- 
drites in that the chemical analysis reveals a complete lack 
of iron in the silicate (Wiik 1956), and it differs from the 
other aubrites by containing no feldspar (Beck and Lapaz 
1951)* An electron probe analysis (Keiland Fredriksson 1963) 
shows less than 0.1 per cent iron in the pyroxene and olivine.
The results of the uranium and thorium analyses indicate 
a low uranium content compatible with that of Bishopville, 
however the thorium : uranium ratio is very low, which is in 
marked contrast to Bishopville. The pallasite-diogenite- 
howardite, eucrite sequence show a decided trend from low 
uranium and low thorium : uranium ratios to high uranium and 
high thorium : uranium ratios (Figure 19)* and also in the 
same sequence there is an increase of thorium : uranium ratio 
with mafic index (Figure 20). In both cases the Norton 
County achondrite falls in place, which may indicate that it 
has some relationship in common with the pallasite olivine
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to eucrite sequence. However it is difficult to devise a 
mechanism for the separation of absolutely pure enstatite 
and forsterite from a basic magma. On the other hand, the 
oxygen isotope data of Taylor et al. (1965) argue strongly 
for a chondritic origin for Norton County, therefore in view 
of this and the difficulty of obtaining pure enstatite from 
a basic magma by differentiation, one is forced to revert to 
a genesis similar to that of Bishopville. Possibly Norton 
County has followed a similar evolutionary path to Bishop­
ville, though the reduction has been carried further and all 
the iron has been removed from silicate. There has then 
been a recrystallization during which calcium and the alkali 
metals have been removed with the disappearance of feldspar, 
and thorium too was depleted, giving rise to the present 
observed low ratio.
Hypersthene Achondrites (Diogenites)
In the present work three diogenites were studied, 
Johnstown, Shalka and Ellemeet.
The uranium abundances observed in Johnstown and Shalka 
are identical to one another and very close to the values 
measured in the majority of the *• ordinary” chondrites. As 
has been mentioned earlier, the Johnstown meteorite is quite 
inhomogeneous both in appearance and apparently in its trace
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element distribution, thus it may be that this close agree­
ment is only fortuitous. The thorium abundances in the 
diogenites Johnstown and Shalka are somewhat lower than that 
observed in the ordinary chondrites hence the lower thorium : 
uranium ratios.
Ellemeet is considerably lower in uranium and thorium 
than the ordinary chondrites or the other two diogenites 
studied in the present series of analyses. The thorium : 
uranium ratio however is almost identical to that of 
Johnstown and quite similar to that of Shalka. In a plot of 
FeO/ FeO+MgO against Th/U (Figure 20), the diogenites form a 
close grouping, and lie on the differentiation sequence 
previously postulated. The oxygen isotope data for the 
diogenites are in accord with those of the other members of 
this series. It would seem that a chondritic magma formed 
in equilibrium with a different oxygen reservoir than that 
present during the formation of the chondrites. Johnstown 
and Shalka seem to have crystallized with a composition quite 
close to the original melt after segregation of metal and 
troilite, but Ellemeet, which contains some olivine was a 
more basic differentiate.
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Hypersthene-Anorthite Achondrites (Howardites)
Only two members of this class of achondrite (following 
the classification of Mason 1962) were analysed in the 
present work, Binda and Frankfort*
As can be seen from Table 15, the howardites are 
enriched in uranium and thorium relative to the abundances 
observed in the ordinary chondrites, and in the more 
"chondritic11 diogenites, Johnstown and Shalka. The thorium 
to uranium ratios for the two howardites are virtually 
identical, Binda 2*8 and Frankfort 2. 7> and are somewhat 
higher than those calculated for the diogenites. Although 
in general an increase of the thorium : uranium ratio is 
observed throughout the achondrite differentiation series 
with increase of absolute uranium abundance and FeO/ FeO+MgO 
ratio, the variation of Th/U between the individual members 
of a meteorite class is usually small. Wahl (1952) regards 
all howardites as polymict breccias, since they contain frag­
ments of eucrite and hypersthene, the latter possibly derived 
from diogenites. The uranium and thorium abundances observed 
here could indeed be arrived at by mixing of diogenite and 
eucrite. Whatever the origin of these meteorites was, 
their thorium and uranium values are in accord with the 
trends observed and expected for a differentiation series.
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Pigeonite-anorthite Achondrites (Eucrites)
A total of eight eucrites were analysed for uranium 
and thorium in the present study, Bereba, Emmaville, Juvinas, 
Luotolax, Moore County, Nuevo Laredo, Serra de Mage, and 
Stannern. The achondrite Shergotty was also studied. This 
meteorite, sometimes classed on its own as a sherghottite, 
differs from the eucrites in that the plagioclase is replaced 
by maskelynite. Recently it has been shown that the oxygen 
isotope abundances in this meteorite differ from the eucrites, 
therefore it will be discussed separately in a later section.
An inspection of the results in Table 15 indicate that 
there is apparently a bimodal distribution in the uranium 
and thorium abundances measured in the eucrites.
The low uranium-thorium group has only two members,
Moore County and Serra de Mage (0.015 to 0.020 ppm uranium 
and 0.053 to 0.064 ppm thorium), the high uranium-thorium 
group includes the other six meteorites analysed (0.08 to 
0.22 ppm uranium and 0.3 to 0.70 ppm thorium). Shergotty is 
within the range of the high group of eucrites.
The low uranium-thorium group is different in other 
respects from the rest of the eucrites.
Moore County is unique amongst the eucrites in that it 
is not brecciated. It is coarser grained and contains well
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developed pyroxene and plagioclase crystals* The crystals 
are parallel to a plane, indicating that this particular 
meteorite was formed by crystals settling in a magma chamber 
(Hess and Henderson 1949). This is in accord with the lower 
uranium and thorium abundances observed, and also with the 
fact that the FeO/ FeO+MgO ratio for Moore County is lower 
than all the other eucrites studied in this work.
Serra de Mage has an unusual chemical composition for a 
eucrite, being very low in ferrous iron and magnesium and 
high in calcium and aluminium. This is a reflection of its 
peculiar mineralogy, since it is composed largely of plagio­
clase, the pyroxene content being exceptionally low. Lovering 
(private communication) considers it to be similar in 
mineralogy to a terrestrial anorthosite. Bowen (1928) con­
sidered crystal settling to be the probable mechanism for 
the formation of anorthosites, rather than crystallization 
of a magma of the appropriate composition. If this was the 
manner of the formation of the Serra de Mage eucrite also it 
may explain the similarity in the uranium and thorium 
contents between this meteorite and Moore County.
The high uranium-thorium eucrite group contains all the 
other eucrites examined in this study. The bimodality 
observed in this work may be more apparent than real as 
König and Wanke (1959) found the uranium abundances in two
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eucrites Pasamonte and Sioux County to be lower than the 
lowest of the high group found here, their results being 
0*054 and 0.063 ppm respectively* These values however are 
still three times higher than those found for the low group* 
The high group of eucrites are the most differentiated 
members of the proposed series, as it appears from the oxygen 
isotope data that Angra dos Reis, Shergotty and Nakhla have 
a separate origin.
Although the eucrites as a whole have a range of 
uranium contents spreading over more than a factor of ten 
the thorium s uranium ratio is surprisingly constant, vary­
ing only between 3*0 (Emmaville) to 3«S (Juvinas). The low­
est and the highest in uranium contents have virtually 
identical thorium : uranium ratios. Murthy and Patterson 
(1962) extracted lead from the Nuevo Laredo eucrite, the 
isotopic composition of which indicated that it had been 
derived from an environment in which the thorium ; uranium 
ratio was close to 3*8* This is in good agreement with the 
ratio found in the present work.
Pallasite Olivines
Although these are not strictly speaking achondrites, 
it is generally thought that these silicates form the most 
basic fraction of the postulated differentiation sequence
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under discussion. Only two samples of pallasite olivine 
were analysed in this work, Brenham and Huckitta, both of 
which were finds.
The thorium abundances found in the two samples are 
quite close to each other but the uranium values differ by a 
factor of more than five. These differences may be real, 
that is, present at the time the meteorites fell, on the 
other hand, some process of terrestrial alteration by 
weathering may be responsible. Notwithstanding these reser­
vations, the values observed do fit in with the hypothesis 
that these olivines are the most basic members of the 
eucrite-howardite-diogenite sequence, meeting the criteria 
of decreasing thorium j uranium ratio with decreasing 
uranium abundance and also with diminution of the FeO/
FeO+MgO ratio,
Angrite, Nakhlite and Sherghottite
All the observed falls of these three groups of 
meteorites were investigated in the present study, Angra dos 
Reis, Nakhla and Shergotty. These three meteorites are 
grouped together mainly on the basis of their oxygen isotope 
ratios which indicate that they do not belong to the sequence 
pallasite to eucrite. These three meteorites have thorium s 
uranium ratios which are systematically higher than eucrites
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and howardites with about the same uranium content. Nakhla 
has 0.049 ppm uranium and a ratio of 3*9> whereas the howard- 
ite Frankfort with O.O46 ppm uranium, has a much lower ratio 
of 2.7. Similarly, Shergotty has a ratio of 4*2 but the 
highest eucrite ratio observed is only 3.8. Angra dos Reis 
has a very high thorium : uranium ratio of 4«9> on the other 
hand the eucrite Stannern which has a slightly higher uranium 
content, yields the much lower ratio of 3*2.
There would appear to be a somewhat tenuous relationship 
between the thorium : uranium ratio and the oxygen-18 j 
oxygen 16 ratio (Figure 21).
Olivine-Pigeonite Achondrites (Ureilites)
Only one of this class of achondrite was available for 
analysis in the present study, the find Goalpara.
The uranium abundance was below the detection level for 
the counting assembly available at the time of this analysis, 
which had a background of 35 counts per minute with an 
efficiency of 20$. The figures quoted are based on an 
arbitrary 1 count per minute as the lower limit of detection, 
the actual values were somewhat lower than this, but were 
meaningless in view of the high background.
The thorium values however are meaningful so that one 
is justified in saying that the thorium : uranium ratio is
Figure 21: Variation of the thorium : uranium ratio 
with the oxygen-18 : oxygen-16 ratio in
achondrites
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more than 6. This result adds little to the evidence for 
the genesis of this meteorite, however it is not incompat­
ible with an origin by the partial melting of a carbonaceous 
chondrite (Mason 1962)*
CHAPTER 1-4
URANIUM AND THORIUM ABUNDANCES IN ROCKS
There is an enormous number of uranium and thorium 
values for most rock types available in the literature; a 
comprehensive survey was made by Adams et al. (1959), and 
more recently a compilation of the abundances of these 
elements in basic rocks has been published by Heier and 
Carter (1964). A bibliography entitled "Geology of Uranium 
and Thorium" has been issued by the International Atomic 
Energy Agency (1962)* The present study has been concentrat­
ed on the basic and ultrabasic rocks which are possibly 
samples of the Earth’s upper mantle and lower crust.
Kimberlites
The presence of diamonds in the kimberlite pipes of 
Africa, India, America and the U,S.S,R. is clear evidence of 
a deep-seated origin of these intrusions and the inclusions 
found in these occurrences are thought to be material from 
the mantle and lower crust.brought up to the surface during 
the emplacement of these bodies. The results of the analyses
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for uranium and thorium in five kimberlites from Africa, 
India and North America are listed in Table 17* The uranium 
content of these samples is high and relatively constant 
varying between 2.2 and 4.0 ppm, with an average value of 
3.0 ppm. The thorium abundances are somewhat more variable 
ranging between 9.8 and 25*7 ppm, the mean of the ten 
results being 15.2 ppm. The thorium : uranium ratios are 
high, from 3*9 up to 7.1.
Inclusions in African Kimberlite Pipes
After a preliminary paper on this study of eclogitic 
rocks was published (Lovering and Morgan 1963»)» several 
results obtained by gamma-ray spectrometry were reported 
(Heier 1963), which included abundances of uranium and 
thorium in several African eclogitesand garnet peridotites 
(Table 18).
In the present work seven xenoliths from African 
kimberlite pipes were analysed, two eclogites, two garnet 
peridotites, an amphibolite and an acid granulite from 
South Africa, and an eclogite from Tanganyika. The results 
for these determinations are shown in Table 19. One of 
these samples R 434 was also analysed by Heier (1963), 
however there seems to have been some confusion over the 
sample numbering. The sample in question was donated by
TABLE 17
Uranium and Thorium Abundances in Kimberlites
Kimberlite Uranium, ppm Thorium, ppm Th/U
L 275, Kimberley, 2.86 + 0.07) 10.7 + 0 .3)
Cape Province 2.69 +
>2.78
0.07) 11.0 +
)10.8
0.3)
3.9
L 621, Jagers- 3.98 + 0.11) 18.3 + 0.4)fontein,
Orange Free State 3.95 +
)3.970.10) 17.8 +
)l8.0
0.4)
4.5
i 445, Koidu No 1, 3.92 + 0.07) 25.7 + 0.6)
Sierra Leone 3.25 +
)3.5 8 
0.07) 24.8 +
)25.3
0.4)
7.1
L 515, Panna, 2.32 + 0.07) 12.1 + 0.2)
India 2.42 +
)2.36 
0.07) 12.0 +
)l2.0
0.2)
5.1
L 460, Murfrees­ 2.31 + 0.04) 9.8 + 0.2)boro1 ,
Arkansas, U.S.A. 2.15 +
)2.23 
0.04) 10.1 +
) i o . o
0.2) 4.5
TABLE 18
Gamma-ray Spectrometric Results for Uranium and Thorium 
Abundances in Inclusions from African Kimberlite Pipes,
(Heier 1963)
Specimen Uranium,ppm Thorium,ppm Th/U
1075, Eclogite,Roberts Victor
1076, Eclogite,Roberts Victor
1094, Eclogite,Roberts Victor 
1092,Eclogite,Roberts Victor
1095, Eclogite,Roberts Victor
1093>Eclogite,Jagersfontein
1090,Eclogite,Bultfontein
1097yGarnet Peridotite, 
Kimberley
1098,Garnet Peridotite, 
Kimberley
Eclogite, Dodoma
0.15 18%
0.80 ± 4% 
0.35 ± 10% 
0.43 - 8% 
0.20 ± 12% 
0.07 - 30% 
0.07 - 25%
0.10 ± 30%
0.25 - 10% 
0.17 - 20%
0.29 - 25% 1.9
0.44 - 10% 0.55
0.73 * 12% 2.1
0.90 - 10% 2.1
0.42 i 15% 2.1
0.17 - 50% 2.4
0.31 - 18% 4.4
0.26 t 25% 2.6
0.44 - 15% 1.8
0.45 ± 20% 2.6
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Dr S.R. Taylor, and carried his collection number RV 3• In 
the sample description of his paper Heier lists RV 2 and 
RV 3 as samples 1075 and 1076 respectively. The analysis of 
R 434 (=RV 3) in no way resembles 1076 but is very similar 
to 1075 y therefore it would seem that somewhere in all the 
transfers the samples have become crossed. If this explana­
tion is accepted it can be seen that the gamma-ray spectro­
metry measurements, though of poorer precision than the 
values obtained by neutron activation, are in fact comparable. 
This point will be taken up later in the discussion. The 
uranium abundances and the thorium s uranium ratio for the 
kimberlites and the inclusions are plotted in Figure 22,
The kimberlites themselves lie in a very limited field 
characterized by high uranium content and high thorium : 
uranium ratios, and seem to bear little relation to the 
inclusions.
The acid granulite or charnockite also has a high 
thorium : uranium ratio of 9*5 and is quite high in uranium.
It appears to bear no relationship to either the kimberlites 
or the basic inclusions. Possibly this xenolith is a 
sample of the lower continental crust brought up during the 
intrusion of the kimberlite.
The basic and ultra basic inclusions from South African 
kimberlite pipes appear to lie on a straight line in Figure 22,
Figure 22: Variation of the thorium : uranium ratio 
with uranium abundance in kimberlites
and inclusions
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A least squares line is shown drawn through these five 
points. The apparent correlation between the uranium 
abundance and the thorium : uranium ratio is because the 
thorium values are virtually constant, while the uranium 
values vary by about a factor of ten.
The eclogite R6l6, from Dodoma, Tanganyika does not 
follow the trend observed in the South African basic and 
ultra basic inclusions because of its very much lower 
thorium abundance. This thorium depletion may be due to the 
geographical separation of the Dodoma pipe from those of 
South Africa or, on the other hand, may reflect the unusual 
chemical composition of R616 which has a high aluminium 
content (Williams 1932).
If a similar plot of uranium abundance against 
thorium : uranium ratio is made using the results published 
by Heier (I963) (Figure 23) the same apparent correlation 
between uranium and the thorium : uranium ratio is observed, 
though there is more scatter than with the activation 
results. An eclogite from Dodoma (Williams 1932, sample 
501) was analysed by Heier and the thorium value seems to be 
similar to his other results. As this sample has a lower 
aluminium abundance than the Dodoma eclogite, R6l6, it is 
probable that the low thorium abundance found in the present 
work is nofc due to a geographical variation in this element,
Figure 23: Variation of the thorium : uranium ratio
with uranium abundance in inclusions 
from kimberlite pipes analysed by Heier 
(1963).
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but to the unusual chemical composition of the specimen 
analysed. Both Dodoma eclogites are very fresh (Williams 
1932) and it is unlikely that the difference in the thorium 
abundances is due to secondary alteration.
In almost all the South African inclusions studied in 
this work and by Heier (1963) there are signs of some alter­
ation. Heier (1963) and Heier and Carter (1964) have sug­
gested that this may be responsible for the low uranium 
abundances and high thorium 2 uranium ratios reported in our 
preliminary paper (Lovering and Morgan 1963a). This explana­
tion does not appear tenable as the eclogite R269 is the 
freshest of the South African inclusions studied in this work 
and yet has the lowest uranium abundance and the highest 
thorium : uranium ratio. The thorium values for the South 
African inclusions are much more constant than those of 
uranium, as both the activation and gamma-spectrometric work 
show, therefore it is likely that any change in ratio is 
produced by movement of uranium. As the uranium content of 
the kimberlite matrix is very much higher than that of the 
xenoliths uranium is far more likely to be introduced into 
the latter by metasomatism rather than removed as suggested 
by Heier. On the other hand, the variable abundances ob­
served may be a true reflection of the uranium and thorium 
contents of the upper mantle.
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Wasserburg et al. (1964) separated eclogites for which 
there were published uranium and thorium analyses into a 
high-uranium and a low-uranium group. In the case of the 
eclogite xenoliths in kimberlites such a division is not 
justified, A frequency diagram of uranium values from this 
work and Heier (1963) is shown in Figure 24 and it can be 
seen that there is no sign of a bimodal grouping.
Basalt Pipes in Eastern Australia
There are a number of brecciated and massive basalt- 
filled pipes in eastern Australia which contain granulitic, 
eclogitic and rarer ultrabasic inclusions (Lovering 1959, 
1964; Lovering and White 1964)* The location of the pipes 
from which samples have been analysed in the present work is 
described briefly in Appendix A. The Delegate and Ruby Hill 
pipes are filled with basic breccia, intruded by basaltic 
dykes. The Lowood pipe is basalt-filled. The Eucumbene- 
Tumut intrusion is a small dyke-like feature, composed of a 
massive fine-grained alkaline basalt.
Basalt Specimens from the Igneous Pipes
Specimens of the alkali-basalt matrix of all four 
igneous pipes have been analysed for uranium and thorium.
The results obtained are listed in Table 20. The uranium
Figure 24: Frequency diagram of the uranium
abundance in eclogite xenoliths from 
kimberlite pipes.
o  5
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TABLE 20
Uranium and Thorium Ahundances in Basalts from 
Igneous Pipes in Eastern Australia
Basalt Uranium, ppm Thorium, ppm Th/U
R 58, Delegate,
N.S.W.
2.19 ± 0 .08)
)2.192.18 t 0.07)
10.6 ± 0.3)
)10.7 4.9
10.9 - 0.3)
R 176, Ruby Hill, 2.11 ± 0.05))2.10
N.S.W. 2.09 - 0.05)
7.55 -  0.1)
) 7.38 3.57.21 i 0.2)
R 279 f Snowy-
Mountains,
N.S.W.
3.06 i 0.07))2.98
2.91 * 0.11)
13.2 - 0.7)
)13.2 4.4
13.1 - 0.7)
1.04 - 0.03)
)1.09
1.14 - 0.05)
3.55 - 0.1)
) 3.38 3.13.21 -  0.1)
R 290, Lowood, 
Queensland
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content of these basalts is lower than that found in the 
kimberlites ranging between 1.0 and 3*1 ppm, the average of 
the eight determinations is 2.1 ppm. The thorium values lie 
between 3*2 to 13.2 ppm with a mean of 8.7 ppm. The ratios 
of thorium to uranium in these rocks are in the range 3*1 to 
4.9« In a plot of uranium against thorium : uranium ratio 
(Figure 25) it will be noticed that these pipe basalts over­
lap the field defined by the five kimberlites previously 
discussed. The abundances of uranium and thorium found in 
these intrusive alkali basalts are significantly higher than 
the values found in extrusive rocks of this type (Heier and 
Carter 1964)*
Eclogitic Inclusions in Eastern Australian Pipes
The classification of these inclusions as eclogites has 
been questioned (White 1964)> so rather than become involved 
in a discussion of the petrology of these jadeitic pyroxene 
and pyrope-rich garnet assemblages, the term "eclogite” is 
used in the following section to mean "eclogite-like 
inclusions”•
Six eclogites were analysed in this work; two Type I 
eclogites characterized by a black pyroxene (R 11 and R 113), 
two Type II eclogites which have a green pyroxene (R 392 and 
R 396), a hornblende eclogite (R 117) and an olivine eclogite
Figure 25i Variation of the thorium : uranium ratio
with uranium abundance in kimberlites 
and intrusive alkali basalts.
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or pyroxenite (R 394)* The results of the analyses are 
shown in Table 21. The uranium contents of these inclusions 
cover a range similar to that of the South African eclogites 
and garnet peridotites studied in this work. They lie between 
0.023 and 0.25 ppm uranium, with an average of the 12 deter­
minations of 0.094 ppm. The thorium abundances, in marked 
contrast to the South African inclusions, show an almost 
linear variation with the uranium content, varying from 
0.089 to 0.76 ppm, with an average of 0.314 ppm. As a 
result of the sympathetic variation of thorium with uranium 
the ratio remains almost constant, being in the narrow range 
3.1 to 3.9.
A plot of uranium against thorium is shown in Figure 
26. It will be seen that the relationship is almost linear, 
however the points seem best fitted by a slight curve. An 
inspection of the results shows that in fact the thorium : 
uranium ratio is not constant throughout the range of uranium 
values, but shows an increase of ratio with uranium reaching 
a maximum value of 3*9 for R 117 (0.0733 ppm uranium). At 
greater uranium concentrations the ratio decreases to reach 
the lowest value for these inclusions in R 392 (0.247 ppm 
uranium)•
The eclogitic inclusion R 396 has been found to contain 
a very small amount (about 1 per cent) of plagioclase. As
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Figure 26: Variation of thorium abundance with 
uranium abundance in eclogitic 
inclusions from Delegate, N.S,W.
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this mineral is not generally considered to be a stable 
phase in rocks of the eclogitic facies R 396 could be 
classed as a garnet granulite, however, as will be shown 
later, in so far as the uranium and thorium abundances are 
concerned this specimen is completely unlike any of the 
garnet granulites analysed in the present study.
The most striking feature of the relative and absolute 
abundances in these inclusions is the very close similarity 
they bear to the eucritic achondrites. Reference to Chapter 
1-3 shows that not only are the uranium and thorium abundances 
of these meteorites within the same range as the Delegate 
eclogites, but the thorium : uranium ratio changes in a very 
similar way. Beginning at a value of 3*4 with Serra de Mage 
(0.016 ppm uranium) the ratio rises to a maximum of 3*8 with 
Juvinas (uranium 0.099 ppm) then decreases with further 
increase of uranium to Stannern, which has a uranium content 
of 0.214 ppm and a thorium : uranium ratio of 3«2.
This similarity is illustrated most forcibly by a plot 
of thorium against uranium with the eucrites and the Delegate 
eclogites (Figure 27)> and provides new evidence for the 
achondritic Earth model proposed by Lovering (1958).
Figure 27: Comparison of the variations of thorium 
abundance with uranium abundance in the 
eucritic achondrites and the eclogitic 
inclusions from Delegate, N.S.W.
D  0.10
a EUCRITE
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Mineral Separates from the R 11 Eelogitic Inclusion
Garnet and pyroxene from R 11 were analysed for uranium 
and thorium. The results, together with the total rock 
analysis for comparison, are shown in Table 22. It was 
hoped that a material balance might be possible, however 
both elements are considerably lower in the two major 
minerals than in the total rock. This indicates that uranium 
and thorium in this rock must be concentrated in some access­
ory minerals. An aliquot of a solution of magnetite plus 
sulphides from R 11, prepared for a lead isotope study 
(Lovering and Tilton, unpublished), was analysed and indi­
cated that the original magnetite plus sulphides contained 
0,290 ppm uranium and 0.351 ppm thorium, giving a thorium : 
uranium ratio of 1.2, Providing that there was no contamina­
tion introduced before irradiation, and this is unlikely 
under the clean conditions necessary for lead studies, it 
would seem that the magnetite plus sulphides is one of the 
accessory phases in which uranium and thorium are concen­
trated in this rock. This situation is different to that in 
basic extrusive rocks where uranium and thorium are distribut­
ed uniformly amongst the various constituents (Rogers and 
Adams 1957)*
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The pyroxene of R 11 has about the same thorium : 
uranium ratio as the total rock, however the garnet, and the 
magnetite plus sulphides if this analysis is meaningful, have 
much lower ratios. The changes in ratio throughout the 
eclogites from the Delegate pipe appear to be small compared 
with that in the minerals, and it is surprising that the 
thorium : uranium ratio in most rocks is as constant as has 
been found. In R 11, for instance, three-quarters of the 
uranium and even more of the thorium is apparently in the 
accessory minerals, so it is these latter components which 
determine the abundances. This uneven distribution is 
probably the reason for the spread in duplicate determina­
tions of uranium and thorium sometimes being significantly 
larger than the errors implied by the counting statistics.
One might also expect that the ratios in duplicate determina­
tions may vary. This does happen in some cases, but 
strangely enough, the ratios of the determinations of R 11 
give about the same value. It is clear that a study of the 
separated minerals would do much to elucidate the variations 
of uranium and thorium observed in this, and other, work. 
Particular attention is required by the accessory components 
if anything like a material balance is to be reached.
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Granulitic Inclusions in Eastern Australian Pipes
Four two-pyroxene granulites and four clinopyroxene- 
garnet granulites were analysed in this study, the results 
are shown in Table 23« As far as can be seen from the 
limited number of samples investigated the garnet granulites 
are systematically higher in uranium and thorium than the 
two-pyroxene granulites. The uranium values in the garnet 
granulites range between 0 . 1 0 8 to 0 . 3 4 4 ppm, with an average 
of 0 . 2 0 8 ppm, whereas the granulite abundances vary between 
0.0091 to O.O658 ppm with a mean of 0.0291 ppm. Similarly 
the thorium content of the garnet granulites are bracketed 
by 0 . 3 2 4 to O . 8 8 7 ppm, averaging 0 , 5 9 0 ppm, the granulites 
between 0 . 0 0 4 1 4 and 0 . 0 9 2 0 ppm, averaging 0 . 0 5 7 1 ppm.
Garnet Granulites:
There is a general trend in these four samples towards 
a decrease of the thorium : uranium ratio with increasing 
uranium content (Figure 28). The three samples from 
Delegate fall well on a straight line. The garnet granulite 
R 73 from the Snowy Mountains intrusion lies some way from 
the line defined by the Delegate samples. This may reflect 
the difference of locality but with only one sample from the 
Snowy Mountains pipe it is impossible to reach a conclusion.
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All four of the garnet granulites have been altered to 
some extent, the amount of alteration determined optically 
(Lovering unpublished) is;- R 46 = 5%, R 51 - 1 4%, R 73 " 23% 
and R 130 = 25%• The change in the uranium and thorium 
contents may be due to the alteration, however the most 
altered sample R 130 is the lowest in uranium and thorium, 
whereas the least altered sample has the next lowest uranium 
and thorium contents. If the uranium and thorium abundances 
in the garnet granulites are substantially changed by second­
ary alteration of the rocks, it does not appear to be in any 
systematic fashion.
Pyroxene Granulites;
As mentioned earlier in this section, the two-pyroxene 
granulites are considerably lower in uranium and thorium 
than are the garnet granulites. Three of the samples, R 18,
R 52 and R 112, show a trend similar to that observed in the 
garnet granulites, that is, of decreasing thorium : uranium 
ratio with increasing uranium content. The fourth granulite 
R 140 however appears to be in no way related to the others 
in so far as its uranium and thorium content is concerned 
(Figure 29)* It is the lowest of all the Delegate inclusions 
in uranium and thorium, in fact the analysis with respect to 
these two elements is very similar to that observed in some
Figure 29: Variation of the thorium : uranium ratio 
with uranium abundance in granulite 
inclusions from Delegate, N*S.W.
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crustal dunites and eclogites. The reason for this is not 
yet understood.
If the granulites and garnet granulites are representa­
tive of the lower part of the Earth’s crust, it would seem 
that the recent estimate of the radioactivity of the crust 
made by Taylor (1964) needs some modification. Even the 
lower abundances of the zoned model of Clark and Ringwood 
(1964)f in the light of these new results, appear to over­
estimate the radioactivity of the lower crust.
Ultrabasic Inclusions in Eastern Australian Pipes
Ultrabasic inclusions are of rarer occurrence in the 
eastern Australian igneous pipes than in the South African 
kimberlite intrusions. In the present work only two of this 
type of inclusion were studied, a peridotite R 42 from the 
Delegate pipe, containing about 20 per cent alteration 
products, and a very fresh dunite R 80 from the Tumut- 
Eucumbene tunnel intrusion. The results of these analyses 
are shown in Table 24*
The peridotite R 42 is considerably higher in uranium 
and thorium than the values reported by Tilton and Reed 
(1963) which are **the only reliable measurements of uranium 
in ultramafic rocks** (Macdonald 1964)* This difference 
might be attributed to the considerable alteration of this
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sample, however it will be shown later that the range of 
uranium and thorium abundances in peridotites which show 
little or no sign of secondary alteration is much wider than 
previously supposed. The R 42 results lie within this range.
The dunite R 80 has a uranium content more in accord 
with the presently accepted uranium values, that is it is 
very similar to the values found by Tilton and Reed (1963)*
It will be more convenient to discuss these two ultrabasic 
inclusions together with the other ultrabasic rocks analysed 
in this work) this will be done in a later section of this 
chapter.
Peridotite Inclusions in Basalt Flows
Six peridotite nodules from south-eastern Australia 
were analysed for uranium and thorium, the results are shown 
in Table 25* Also included in this table is a peridotite 
inclusion from Oahu, R 420, which will appear again in a 
later section, and another from a basalt flow in Arizona. 
This second sample, generally known as the MGila nodule11 was 
supplied as one of a set of intercomparison samples for 
uranium and thorium, by Dr Tilton. A comparison of the 
results obtained for this suite of rocks will be made in a
later section
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It will be noticed that in two of the samples results 
have been discarded because of very low chemical yields (less 
than one per cent). This trouble was a feature of the early 
ultrabasic analyses for uranium and thorium made in the 
present study. Though no satisfactory explanation was found 
for this difficulty, it was found that good yields could be 
obtained providing a few mg of ferric iron were added to the 
sample before fusion.
The peridotite results show that the range of uranium 
and thorium abundances in these rocks is much wider than had 
been generally supposed, ranging from 0.0041 to 0.114 ppm 
uranium and 0.012 to 0.477 ppm thorium. If all the peridotite 
nodules analysed in this work are considered together, that 
is, including the two pipe inclusions from the previous sec­
tion the Gila peridotite and the peridotite R 420 from 
Oahu, there is a linear relationship between the uranium and 
thorium abundances. This is well brought out by Figure 30.
The slope, calculated by least squares is very close to 
unity, indicating little variation in ratio with increasing 
uranium. The ratios calculated from regression line are 
4.15 for a uranium value of 0,0030 ppm and 4«02 for a 
uranium value of 0.200 ppm. The value for the only oceanic 
peridotite specimen, R 420, is extremely close to the average 
of all ten peridotites analysed, that is, 0.016 ppm uranium
Figure 30: Variation of thorium abundance with
uranium abundance in peridotite
inclusions
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and 0.065 ppm thorium. Although too much significance cannot 
be attached to a single result it would appear that there is 
no systematic difference in the radioactivity of continental 
and oceanic peridotites. There is no correlation apparent 
between mineralogy and thorium and uranium abundances, for 
instance specimen 2640, Mount Leura, Victoria has some minor 
amounts of seemingly primary phlogopite, yet this rock is 
the lowest in abundance of uranium and thorium of all the 
inclusions analysed. Sample 2669 Mount Shadwell, Victoria, 
shows signs of partial melting (Green, personal communication), 
and also has the highest thorium : uranium ratio. On the 
evidence of one sample it is not possible to say if this 
observation is significant.
As these are the only results at present available for 
uranium and thorium in peridotite nodules it is not possible 
to compare the trends observed here. However the uranium 
results found in three inclusions from South Africa (Davis 
and Hess 1949) and those analysed by Tilton and co-workers 
(Tilton et aJL. 1956; Tilton and Reed 1963) fall well within 
the range of the results found in this work.
Basic and Ultrabasic Rocks from Hawaii
Three inclusions from the palagonite tuff, Salt Lake 
Crater, Hawaii have been analysed in the present study, also
102
a basalt and a gabbroic inclusion from the 1801 eruption of 
Ilualalai, Hawaii. Two of these samples, the basalt and 
pyroxene-rich eclogite, were part of the suite of intercom­
parison rocks supplied by Dr G.R. Tilton and Dr G.W. Reed.
The pyroxene-rich eclogite was contaminated with carbonate, 
which was removed by leaching with hot 4 N HC1 for 30 minutes 
following the procedure described by Tilton and Reed (1963)* 
The results of these analyses are shown in Table 26. Com­
parisons with the results of other workers will be made in a 
subsequent section of this chapter.
The olivine eclogite R 419 (or pyroxenite, Lovering and 
Richards 1964) is almost identical in uranium content to the 
Delegate olivine eclogite R 394 nhich has a very similar 
mineralogy. The thorium content, however, is lower giving a 
low thorium : uranium ratio. It will be noticed that the 
leached eclogite has higher ratio and it is tempting to 
speculate that perhaps the low ratio in R 419 is due to some 
slight carbonate contamination, although this is not proven. 
There is no certainty that the 4 N HC1 will not remove 
uranium from minerals other than calcite, so the similarity 
or difference between these two rocks and the Australian 
eclogitic inclusions is still an open question. What can be 
said, however, is that the uranium and thorium abundances 
observed in these oceanic samples are not very different
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from those observed in continental specimens of similar 
mineralogy*
The peridotite R 420 has been discussed in the previous 
section* It has been shown that it does not differ in its 
content of thorium and uranium from the continental peri­
dotite samples. The ratio is very little lower than the 
average and well within the range observed.
The Hualalai basalt is lower in uranium and thorium 
than the Australian pipe basalts, but the ratio is quite 
similar. An Hawaiian alkaline basalt analysed by Heier et. 
al. (1964)) sample number GA 810, is quite similar to the 
basalt analysed here in its uranium and thorium content*
The gabbroic nodule R 632 is quite low in uranium and 
thorium. The abundances of these elements are similar to 
those found in the granulites which average 0.029 ppm uranium 
and 0.057 ppm, giving a thorium : uranium ratio of 2.0.
Some Further Basalts Specimens
Several other basalt samples were analysed for a variety 
of reasons and are included here for completeness. The col­
lected results are shown in Table 27«
Tasmanian Intrusions:
Two initial samples of chilled margins from Tasmanian 
tholeiitic intrusions were analysed. When the programme of
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gamma-ray spectrometric determinations began it became clear 
that for these rocks this was a more convenient analytical 
method. The samples analysed by neutron activation served 
as low level standards for the routine method, and a third 
sample containing the lowest abundances of uranium and 
thorium was analysed as a control on the direct radiometric 
method. A comparison of the neutron activation and gamma- 
ray spectrometry results is made later in this chapter,
Iceland Basalts:
These tholeiitic basalts were analysed as a check on the 
gamma-ray spectrometry determinations. This was particularly 
important with these specimens for two reasons: firstly, the 
levels of uranium and thorium were low and approached the 
limit of sensitivity for routine measurement. Secondly, 
these samples were comparatively recent eruptions and it was 
essential to check whether the uranium and thorium daughter 
products had reached equilibrium, as the direct spectrometry 
method depends upon this assumption. The results by the two 
methods, as discussed later, are in good agreement. A study 
of some Icelandic basalts is to be published (Heier et al. 
1965). Isotopic strontium measurements indicate that these 
rocks are probably derived from the mantle and are uncontam­
inated by any continental crustal material.
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R 443, 1887 eruption, Tarawera, New Zealand:
This specimen is of the high alumina basalt type (Kuno 
I960) which he considers to be formed from a magma derived 
by the partial melting of peridotite at intermediate depths 
(about 200 km). Heier and Rogers (1963) measured the uranium 
and thorium abundances in two Japanese samples of this type 
and the results, though somewhat lower than those found in 
R 443, are quite similar and the thorium : uranium ratios 
about the same•
R 663, Basalt, Experimental Mohole, Guadelupe Site:
This sample was coated with calcite, which was removed 
by an acid leach (see Appendix A). The sample has been 
classed as a tholeiite by Engel and Engel (1964). The low 
thorium : uranium ratio observed may be representative of 
the parental magma, two Japanese tholeiitic basalts reported 
by Heier and Rogers (1963) had quite similar ratios, and it 
is possible that such values are typical of tholeiites from 
the circum-Pacific orogenic belt. The low ratio may also be 
attributed to the presence of calcite within the sample which 
was not removed by the acid leach. As has been mentioned 
earlier, it is possible that the low ratio observed in the 
pyroxene-rich eclogite from Hawaii was due to secondary 
calcite contamination, and this could be the case with this 
basalt sample.
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A summary of the uranium and thorium abundances found 
in all the basalt samples analysed in this work is drawn up 
in Table 28, where the specimens are arranged together by 
rock type rather than locality. If the altered sample from 
the Experimental Mohole is excluded all the specimens fall 
close to a straight line on the uranium-thorium diagram shown 
in Figure 31« A least squares fit to the eleven points 
indicates a change of the thorium : uranium ratio with 
uranium. Calculations from the slope of the line indicate a 
ratio of 3»2 when the uranium abundance is 0.30 ppm, increas­
ing to 4*1 for a uranium abundance of 3«0 ppm. Four of the 
five tholeitic values (excluding R 663) fall below the line, 
whereas three of the five alkali basalts, and the only 
high-alumina basalt lie above the line. As far as can be 
judged from so few samples, the alkali basalts, and possibly 
the high-alumina basalts have higher thorium : uranium ratios 
than the tholeiitic types. A similar general pattern was 
found by Heier and Rogers (1963), and their study of six 
Japanese basalt specimens representing all three types also 
showed this trend. Combining the Japanese results with the 
two basalts examined in this work from the circum-Facific 
belt enables this apparent variation of thorium 2 uranium 
ratio with basalt type to be more closely examined. For con­
venience these eight results are collected in Table 29.
TABLE 28
Summary of Uranium and Thorium Abundances in Basalts
from This Work
Basalt Uranium,ppm
Thorium,
ppm Th/U
Alkali-Olivine
R 5 8 ,Delegate, N.S.W. 2.19 10.7 4.9
R 176, Ruby Hill, N.S.W, 2.10 7.38 3.5
R 279f Snowy Mountains, N.S.W. 2.98 13.2 4.4
R 290, Lowood, Queensland 1.04 3.38 3.1
R 4 8 7 , Hualalai, Hawaii 0.454 1 . 6 1 3.5
High-Alumina
R 4 4 3 , Tarawera, New Zealand 0 . 3 9 6 1 . 6 4 4.1
Tholeiite
M 172, Red Hill, Tasmania 0 . 8 2 1 3.29 4.0
5 0 8 4/I, Great Lake, Tasmania 0.929 3.14 3.4
BCR-1, Columbia River, Oregon 1.81 6.00 3.3
Laki, Iceland 0.374 1.10 2.9
Askia, Iceland 0.457 1 . 3 6 3.0
R 6 6 3 , Experimental Mohole 0.195 0.229 1.2
Figure 31: Variation of thorium abundance with
uranium abundance in basalts
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TABLE 29
Uranium and Thorium Abundances in Basalts from
the Circum-Pacific Belt
Basalt Uranium,ppm Thorium,ppm Th/U
Tholeiite
1080, Japan (Meier and Rogers 1 9 6 3 ) 0.03 0.05 1.7
108l, Japan (Heier and Rogers 1 9 6 3 ) 0 . 2 6 0 . 3 2 1.5
R 6 6 3 , Guadelupe (This work) 0.195 0.229 1 . 2
High-Alumina
1082, Japan (Heier and Rogers 1 9 6 3 ) 0 . 2 8 1 . 1 O'•CO
IO8 3 , Japan (Heier and Robers 1963) 0.13 0.45 3.5
R 443> New Zealand (This work) 0 . 3 9 6 1 . 6 4 4.1
Alkali Olivine
IO8 4 , Japan (Heier and Rogers 1963) 0 . 4 8 4.2 00 . 00
IO8 5 , Japan (Heier and Rogers 1963) 0.57 3.6 6.3
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These values are employed to make a plot of thorium 
against uranium in Figure 32, It is obvious from Table 29 
that the three tholeiitic basalts have much lower ratios, 
and the alkali basalts much higher ratios than the high- 
alumina basalts. It is also noticeable that the absolute 
uranium abundance varies in the same way, so it could be 
argued that the apparent change in ratio is merely a reflec­
tion of the change in absolute uranium values, as was noted 
in the plot of all the basalt values (Figure 31)*
In the plot of the circum-Pacific belt basalts, however, 
there are three analyses for high-alumina basalts covering 
a range of uranium values varying by a factor of three.
These points can be used to define the trend of thorium with 
uranium in this basalt type and the line (Figure 32) separ­
ates the field occupied by the tholeiites from that of the 
alkali basalts. The high-alumina basalt line indicates a 
significant increase of the thorium : uranium ratio with 
uranium content, from 3*3 at 0.1 ppm uranium to 4*5 at 1.0 
ppm uranium.
Crustal Eclogites
These rocks, which occur as lenses or discontinuous 
masses in orogenic belts, are sometimes thought to have been 
brought up from the mantle during the orogenic event,
Figure 32: Variation of thorium abundance with
uranium abundance in basalts from the 
circum-Pacific orogenic belt.
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however the evidence that they are unaltered mantle material 
is not so compelling as for the pipe eclogites. Four such 
eclogites have been analysed for uranium and thorium, 
together with an eclogite facies rock (Subramaniam 1956) 
classified as a nbronzite pyropite", from Sittampundi, India. 
The results, shown in Table 30, have all been published 
previously (Lovering and Morgan 1963a).
Three of the crustal eclogite samples, R 371, R 388 and 
R 391, have uranium and thorium contents within the range 
found in the African and Australian eclogites. They rather 
more resemble the South African specimens, in that there is 
a decrease in thorium : uranium ratio in the specimens which 
are higher in uranium. Unlike the South African samples 
analysed in this work, the thorium content does increase 
slightly with increasing uranium content, although the dif­
ferences are not very large. These three eclogite samples, 
as far as their uranium and thorium abundances are concerned, 
are similar to the pipe eclogites and might possibly repre­
sent the abundances of these elements in the mantle. This 
conclusion differs from that made in a preliminary report on 
the uranium and thorium contents of crustal and pipe eclo­
gites written in the early stages of this work (Lovering and 
Morgan 1963a). At that time only five pipe eclogites from 
three different localities had been analysed (R 11, R 117,
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R 394 > Delegate; R 269*South Africa; R 419*Hawaii) and it 
appeared that the pipe eclogites all had uranium contents 
between about 0.04 and 0.07 ppm, which contrasted sharply 
with the variable amounts found in the crustal eclogite 
specimens.
Marshall (i960) has extracted lead from the same sample 
of the Silberbach-Hof eclogite (R 391) as analysed in this 
work. He calculated that in order for the radiogenic lead 
observed to be produced in 4*5 x 10y years there would need 
to be 0.10 ppm uranium and 0.41 ppm thorium present in the 
rock. The amounts of these elements found are higher (0.24 
ppm and 0.60 ppm respectively) and the thorium : uranium 
ratio is significantly lower, indicating that perhaps the 
rock is younger, or that there was some movement of the 
relevant trace elements, probably when this sample was 
intruded into the crust.
The two remaining eclogitic rocks from crustal environ­
ments are quite unlike the pipe eclogites in abundance of 
uranium and thorium and (with the exception of the Dodoma 
inclusion) in their thorium : uranium ratio. As far as these 
two elements are concerned these two rocks more resemble 
some crustal dunites, which will be discussed in the next 
section. It is possible that during the intrusion into the 
crust there is some recrystallization during which elements
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like uranium and thorium which do not fit into the lattices 
of the major minerals have their abundances drastically- 
modified .
Crustal Ultrabasic Rocks
The results for four ultrabasic rocks from crustal 
environments are shown in Table 31* Two other such samples 
have been analysed, the U.S. Geological Survey samples DTS-1 
and PCC-1. These rocks were not prepared especially for 
uranium and thorium studies and are so unlike the other four 
samples in thorium content and thorium : uranium ratio that 
it seems possible that they have been very slightly contamin­
ated. The results for these two samples will be listed with 
the other U.S. Geological Survey standard rocks.
The Twin Sisters dunite was another of the Tilton and 
Reed suite of intercomparison rocks for uranium and thorium. 
Comparisons of the results found here with those of other 
workers will be made in a later section.
The four crustal ultrabasic rocks are characterized by 
their extremely low uranium and thorium abundances, and low 
thorium : uranium ratio. Many of the peridotite and dunite 
inclusions discussed earlier have quite low uranium contents 
but normal thorium : uranium ratios. If the ultrabasic inclu­
sions represent the composition of the ultrabasic component
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of the mantle, then it appears that when these rocks are 
intruded into the crust uranium and thorium are lost. This 
presumably takes place when the rocks recrystallize, as at 
least the Twin Sisters dunite and the Venezuelan peridotite 
are known to have done.
The thorium abundance in the eight analyses reported in 
this section vary much less than the uranium values. This 
is brought out by Figure 33> where thorium is plotted against 
uranium. Because of the variability of the results even in 
duplicate samples of the same specimen, individual analyses 
rather than averages have been plotted in this diagram. A 
straight line fitted to the eight points indicates a decrease 
of the thorium : uranium ratio with increasing uranium 
content, from 1.34 at 0.001 ppm uranium to 0.47 at 0.01 ppm 
uranium.
Intercomparison Rocks
a) A Collection of Four Basic and Ultrabasic Rocks
These specimens were donated by Dr G.R. Tilton and Dr. 
G.W. Reed who had analysed them by "stable" isotope dilution 
and activation analysis. The results obtained in this work 
have been previously published (Lovering and Morgan 1963b) 
and are shown again in Table 32 for completeness. A compar­
ison of these results with thos of previous workers is shown 
in Table 33.
Figure 33s Variation of thorium abundance with
uranium abundance in crustal ultra-basic
rocks
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TABLE 33
Comparison of Results for the Tilton and Reed Suite of Rocks
Rock Uranium, ppm Thorium, ppm
Previous
Work
This
Work
Previous
Work ThisWork
Basalt, Hualalai, 
Hawaii, U.S.A. 
Eclogite, Oahu
0.50(a)
0.46<c)
0.454 1.60^a) 1.61
HCl-soluble 0.015^a) - - 0.0055
HCl-insoluble 0.30 0.0300 0.102^a) 0.129
Dunite, Gila, 
Arizona
0.004^a)
o.oi
0.0046 — 0.0131
Dunite, Twin Sisters, 
Washington, U.S.A.
0.016 
0.0004^ 
0.0012*°^ 
0.0008
0.0013
0.0076
0.05(e) 0.0010
References:
a Tilton and Reed 1963, isotope dilution, 
b Tilton and Reed 1963* neutron activation, 
c Hamguchi, Reed and Turkevich 1957. 
d Goles, personal communication to J.F. Lovering, 
e Tilton 1956, isotope dilution.
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The agreement of the present study with the previous 
isotope dilution and neutron activation is very good for the 
Hualalai basalt, probably a reflection of the high abundances 
present in this rock of the two elements analysed, and also 
of a high state of homogeneity in the sample.
The pyroxene-rich eclogite from the Salt Lake Crater, 
Oahu, was reported (Tilton and Reed 1963) to be contaminated 
with carbonate, which was removed by leaching the rock powder 
with hot 4 N HC1 for 30 minutes before analysis. This pro­
cedure was followed in this work, however the acid treatment 
was not applied until after the sample had been irradiated, 
in order to avoid any spurious contamination from the 
reagents used. The loss in weight in each sample was 4.8 
per cent and 4*0 per cent respectively for the duplicate 
samples. It can be seen that the agreement of our result 
for uranium with Tilton’s isotope dilution figure is excell­
ent, however the thorium abundance obtained in this work is 
some 25 per cent higher than Tilton’s value. It is possible 
that more thorium may have been leached out of their sample 
than from the one in this work. In the present work the 
leaching was done after irradiation, and it would be the 
solubility of protactinium rather than thorium that is 
important, which may account for the discrepancy.
113
The new uranium value for the Gila nodule is in very 
good agreement with the duplicate isotope dilution determin­
ation by Tilton and Reed, however their neutron activation 
result is two or three times higher. The reason for this is 
not understood. There is no previous determination of 
thorium in this sample.
The Twin Sisters dunite has been analysed for uranium by 
several groups since the measurements by a refined vacuum 
fusion radon method made by Davis and Hess (1949), who 
found 0.023 ppm. The values found in this work will be seen 
to differ by a factor of about five, both uranium and 
thorium showing a similar variation. The lower value is in 
good agreement with the neutron activation measurements of 
Hamaguchi ejb al_. (1957), and not in violent disagreement 
with the value found by Goles (private communication). The 
neutron activation result quoted by Tilton and Reed however 
is some three times lower. The isotope dilution figure of 
Tilton and Reed is about twice the higher of the two values 
reported in this work. It would seem that the distribution 
of uranium and thorium is very inhomogeneous in this rock, 
although it is possible that there may have been some contam­
ination. The thorium values from this work are both consid­
erably lower than the isotope dilution determination made by
Tilton
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Tasmanian Dolerites and Icelandic Basalts
Two samples from a Tasmanian dolerite intrusion and 
two samples of basalts from Iceland were analysed both by 
neutron activation analysis and by direct gamma-ray spectro­
metry. The results are shown in Table 34. The activation 
results have appeared earlier in this chapter and so only 
the averages are quoted here. The sample M 172 used for the 
activation analysis was not a split of the same powder used 
for the gamma-ray spectrometry, but all the other samples 
were. The spectrometry determinations are repeated at inter­
vals so that the values used here should be regarded as pre­
liminary values; the standard deviations quoted for these 
results are not those obtained from the counting statistics, 
but are calculated from the values obtained for the individ­
ual determinations. The number of individual determinations 
used to calculate the means and standard deviations of these 
samples is shown in brackets in Table 34. It can be seen 
that of the eight values which have been measured the results 
for six of them have agreement between the two methods 
within one standard deviation, and all agree within two 
standard deviations, indicating that there is no systematic 
difference in the accuracy of the two quite different 
techniques.
TABLE 34
Uranium and Thorium Abundances in Tasmanian Dolerites
and Icelandic Basalts
Rock Uranium, ppm Thorium, ppm
This
Work
Spectrometry This
Work
Spectro-
metrv
M 172, Dolerite 0.821 0.86 + 0.13 (9)* 3.29 3.3 i 0.3
Tasmania
5123/1500, Dolerite 0.514 0.49 + 0.17 (4) 1.82 1.7 - 0.2
Tasmania
Basalt, Laki, 0.374 0.54 + 0.13 (4) 1.10 1.2 1 + 0 • to
Iceland
Basalt, Askia, 0.457 0.54 + 0.13 (4) 1.36 1.6 1 + 0 • H
Iceland
*
Numbers in parentheses indicate the number of individual
determinations on the sample
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United States Geological Survey Standard Rocks
The Standard rocks G-l and W-l are very well known and 
have been extensively analysed by a variety of methods for 
most of the elements in the periodic table. More recently, 
due to the attrition of the supply of these two rocks a new 
set of standard samples has been prepared, comprising of a 
granite, basalt, andesite, a granodiorite, a dunite and a 
peridotite. In the present study all of these rocks were 
analysed for uranium and thorium except for the granodiorite 
GSP-1. This rock was omitted when it was found (Heier, 
personal communication) to be very high in thorium (about 100 
ppm). This is far outside the range of abundances investi­
gated in this work, and at this level neutron activation is 
not the most suitable method for thorium. It was also feared 
that there might be some serious contamination problems with 
such a large amount of protactinium-233> especially in view 
of the long half life of this radionuclide. The results 
obtained for the uranium and thorium abundances in these seven 
standard rocks are shown in Table 35* The G-l and W-l 
results have been reported formerly (Morgan and Lovering 
1963).
There are a large number of uranium determinations and 
several thorium determinations available for G-l and W-l.
Table 36 allows a comparison to be made between these and
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TABLE 36
Comparison of Uranium and Thorium Analyses of G-l and W-l
Rock Uranium, ppm Thorium, ppm
This Work Others This Work Others
G-l, Granite 3.11 3.55 (a) 42.1
3.7 (b) 52 (b)
3.46 (c)
4.2 (e) 45 (d)
2.7 (f)
3.93 (g) 51 (g)
2.5 - 1. 3 a ) 58 ± 5 (i)
4.7 (j)
W-l, Diabase 0.552 0.53 (a) 2.16
0.52 (b) 2.4 (b)
0.54 (c)
0.6 (e) 1.9 (d)
0.28 (f)
0.49 (g) 2.3 (g)
0.53 (h) 2.2 (h)
0*9 ~ 0•6 (i) 2.6 — 0.5 (:
0.65 (j )
0.61 (k) 2.3 (k)
TABLE 36: References
a Hamilton (1959)> neutron activation* 
b Ahrens and Fleischer (i960), compilation, 
c Das and Meinke (i960), neutron activation, 
d Levine and Grimaldi (i960), spectrophotometric. 
e Grimaldi (1961), fluorimetric. 
f Hamaguchi ejb aJL. (I96I), neutron activation, 
g Adams (1961), gamma spectrometry, 
h Heier and Rogers (I963), gamma spectrometry, 
i Cherry (1963), alpha counting, 
j Bate and Huizenga (1963)* neutron activation, 
k Heier e_t al. (1964), gamma spectrometry.
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the results obtained in this work. Both the thorium and 
uranium values for W-l found in the present study are well 
within the range of the abundances found by other workers.
The uranium content of G-l reported here is also within the 
range of values reported by independent investigators, but 
lies toward the lower end of the distribution. Of the two 
lower values reported in the literature, one is an alpha­
counting determination which has a very large uncertainty, 
and the other one is an activation result, obtained using a 
low-flux reactor. The uranium value for W-l by this second 
group is extremely low, and these determinations may be near 
the limit of sensitivity of their method. The thorium 
results for G-l from the present work are lower than any of 
the other four results published, though within less than 10 
per cent of the lowest value. It seems likely that the low 
values obtained here for G-l are genuine, in view of the con­
cordant results found for W-l and other intercomparison 
samples. The discrepancy from the results of other workers 
may be due to sample inhomogeneity. G-l is not very finely 
ground.
At present there has been published no compilation of 
results for analyses of the other six standard rocks, however 
three of the samples with higher abundances (as well as the 
granodiorite not analysed in this work) have been analysed
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for uranium and thorium by Dr K.S. Heier, using a gamma-ray 
spectrometric method. A comparison of the results obtained 
by the two independent methods is made in Table 37»
It will be noticed that in four out of six cases the 
two sets of determinations agree within one standard devia­
tion of the gamma spectrometry measurement. In the case of 
the uranium determinations on the basalt BCR-1 the agreement 
is better than it appears as the activation duplicates show 
a large spread and come within one standard deviation of the 
spectrometric measurements. It is very difficult to find an 
explanation for the apparently systematic difference between 
the two thorium results for G-2. If the activation measure­
ments are too low, this might be due to neutron self shield­
ing (though this seems unlikely as both samples were less 
than 0.1 g). On the other hand, error in the gamma spectro­
metry might be due to radioactive disequilibrium or a system­
atic error in the standards. The likelihood of a real dif­
ference in the thorium content of the splits of the G-2 
sample cannot be excluded.
TABLE 37
Comparison of the Uranium and Thorium Determinations 
of Three U.S.G.S. Standard Rocks
Rock Uranium, ppm Thorium, ppm
Activation Spectrometry Activation Spectro­
metry
AGV-1,Andesite 2.17 2.0 ± 0.2 (6)* 6.47 6.4 4 0.5
BCR-1, Basalt 1.81 1.6 -  0.1 (9) 6.00 6.3 -  0.3
G-2, Granite 2.16 2.0 ± 0.4 (5) 24.0 26.0 ± 0.4
* -
Figures in parentheses indicate the number of determinations*
CHAPTER 1-5
URANIUM AND THORIUM ABUNDANCES IN TEKTITES
A considerable number of uranium and thorium determina­
tions have been made on tektites over the past 30 or so years, 
these previous results are summarized in Table 38. Apart 
from the isotope dilution determination of uranium and 
thorium on a single australite by Tilton (1958), the methods 
used for these previous analyses (generally radiometric or 
fluorimetric) have not been capable of the accuracy or pre­
cision of the present neutron activation method. It was 
therefore decided to analyse samples from some of the more 
important tektite groups to establish the validity of the 
conclusions drawn from the results of other methods, partic­
ularly the high thorium : uranium ratio which has been 
reported. The results for an australite,a javaite, a 
bediasite and a moldavite analysed for uranium and thorium 
in this work are collected in Table 39.
The australite results obtained here agree quite well 
with the single australite measurement for uranium and 
thorium made by Cherry and Adams (1963), but are somewhat
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TABLE 38
Some Previous Determinations of Uranium and Thorium
in Tektites
Tektite Group Uranium,ppm Thorium,ppm Th/U Reference
Australites 2.5 (2) 11.7 (2) 4.7 a
1.74 9.19 5.3 b
2.0 (2) - - c
1.6 (4) 8.8 (4) 5.5 d
2.0 (5) 9.4 (5) 4.7 f
12.2 - g
2.7 12.9 4.8 h
Billitonites 2.7 9.6 3.6 a
1.4 - - c
Javaite 1.5 - - c
Philippinites 2.3 (5) - - c
1.6 15 9.4 d
- 14.7 - g
1.85 15.7 8.5 h
Xndochinites 2.3 (4) - - c
1.7 (2) 10.5 6.2 d
2.24 — — e
TABLE 38 (cont.)
Tektite Group Uranium,ppm Thorium,ppm Th/U Reference
Indochinites 11.9 g
(cont. )
2.12 (4) 13.0 (4) 6.1 h
Ivory Coast Tektite 0.91 - - c
Moldavites 2.7 (4) 15.4 (4) 5.7 a
1.6 (2) - - c
1.8 11 6.1 d
1.93 (2) - - e
2.1 9.8 4.7 h
Bediasites 1.8 (2) - - c
1.3 (4) 6.3 (4) 4.8 d
- 9.0 (2) - g
l.s (2) 8.6 (2) 5.7 h
TABLE 38: References
a Dubey (1933)> alpha counting, 
b Tilton (1958), isotope dilution, 
c Friedman (1958)> fluorimetric•
d Adams (1959; uranium fluorimetrically, thorium (recalcu­
lated by Cherry and Adams 1963) from total alpha activity 
by difference, 
e Heide (1961).
f Cherry (1962), alpha "pairs” counting, 
g Rowe et Al. (1963); gamma spectrometry, 
h Cherry and Adams (1963).
TABLE 39
Uraniumand Thorium Abundances in Tektites
Tektite Sample Uranium Thorium Thorium :
Uranium
Group Number ppm ppm Ratio
Australite T 50 2.77 i  0 .0 3 )
)2.71
2 . 6 5  ± 0 .0 3 )
1 4 . 4  -  0 .1 )
)14.5
1 4 . 6  ± 0 .2 )
Javaite
Bediasite
T 60 2.12 ± 0.02)
) 2 • 08
2 . 0 5 ± 0 .0 2 )
12.1 4 0.1)
)12.2
12.4 ± O.l)
T 2 2.33 -  0.03)
)2.25
2 . 1 6  ± 0 .0 3 )
9.67 -  0.1)
)9.47
9 . 2 6  ± 0 .1 )
2.89 - 0 .0 3 )
)2.75
2 . 6 0  - 0.03)
11.9 ±  0 .1 )
. )H. 811.8 -  0.1)
5.3
5.9
4.2
Moldavite T 55
4.3
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higher than the results for five specimens which Cherry 
(1962) measured by an alpha "pairs” technique. Cherry and 
Adams believe that their australite specimen may not be 
typical of the group as a whole, as it came from the same 
area as a sample (Taylor, i960, sample No. 541) which has an 
atypically high (2.11 per cent) potassium content. It is 
hard to follow their reasoning on this point as they only 
found 1.90 per cent potassium in their own sample, identical 
with the average value found by Taylor (i960) for 14 
australites.
The isotope dilution values for an australite reported 
by Tilton (1958) are considerably lower than those found in 
this work, although the thorium ; uranium ratios are identi­
cal. Cherry (1962) considers the isotope dilution value to 
be of high quality, therefore it must be concluded that there 
is a real variation in the uranium and thorium content of 
australites. It is clear that much more work is required 
by a method capable of good precision and accuracy before 
the distribution of thorium and uranium in tektites is 
defined. Rowe et al_. (1963) found the thorium abundance in 
an australite to be very similar to that reported by Cherry 
and Adams (1963), and within the range between the results 
obtained here and that of Tilton (1958).
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The javaite results presented in this thesis contain 
the first thorium analyses made on this group of tektites, 
though a specimen from Billiton Island in the same geograph­
ical area was analysed by Dubey (1933). Cherry and Adams 
consider this early result to be of dubious validity. There 
is little comment that can be made about the single sample 
reported here, the abundances for both elements fall within 
the range for the australites, although the thorium : 
uranium ratio is slightly higher.
The bediasite analysed in this study has a uranium 
content lower than the australite but quite similar to the 
javaite; the thorium abundance is significantly lower than 
any of the other tektite samples analysed. Cherry and Adams 
(1963) have remarked on the generally lower thorium values 
in the bediasites found in their own work and also by Rowe 
et al. (1963), and the new result is in general agreement 
with their values. The uranium values reported here are 
significantly higher than the gamma spectrometry results of 
Cherry and Adams, and consequently the thorium : uranium 
ratio is lower. It is impossible to say on so few data which 
of the ratios is typical.
The uranium abundance of the moldavite specimen was 
found to be almost identical with that of the australite, 
the thorium abundance on the other hand was somewhat lower,
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quite close to that of the javaite. As a result of this, 
the thorium : uranium ratio was lower than either of the 
Australasian specimens, having about the same value as that 
of the bediasite. The uranium result is higher than that 
previously found in moldavites, except for the very early 
analyses of Dubey (1933)* The thorium : uranium ratio found 
by Cherry and Adams is quite similar to that reported here.
The chemical compositions of the tektites from various 
areas are superficially very similar (Schnetzler and Pinson 
1963). In detail, however there are very significant dif­
ferences. For example Taylor (1965) has compared major and 
trace elemental analyses of australites and bediasites to 
emphasise the differences. Recently potassium-argon age 
measurements have been communicated by Zähringer (1965).
This important work has shown that there are three groups of 
ages, corresponding to the three major "strewn-fields". The 
oldest group are the North American tektites which have an 
age of 34 million years, the Czechoslovakian tektites are 
younger with an age of 15 million years, and the Australasian 
group are the most recent having an age of only 600,000 years.
These ages have been confirmed by Fleischer and Price 
(1964) with a fission track technique. They found values of 
34.5 million years for the North American tektites, 13*4 
million years for the Czechoslavakian group and 710,000
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years for the Australasian specimens. These workers also 
showed that the fission track density in the core and flange 
of four australites was identical, indicating that these 
samples, at least, fell to Earth shortly after solidification. 
The chemical compositions of tektites also fall in the same 
groupings as the ages, and although there is a significant 
range of elemental abundances within any one group, this is 
generally less than the differences between groups. Chapman 
(1964) has reviewed the evidence for the conclusion that the 
Australian tektites are all one group.
In contrast to the differences in the ages discussed 
above, a study of the rubidium and strontium abundances and 
strontium isotopic composition of the three major groups 
(Schnetzler and Pinson 1964) has very strongly indicated 
that these groups are related. The three average values lie 
on an isochron (that is, a plot of the strontium-87 : 
strontium-86 ratio against the rubidium : strontium ratio) 
indicating an age of 400 million years and an initial 
strontium-87 I strontium-86 ratio of 0.705» This age dif­
fers from the potassium-argon and the fission track values 
in that whereas the latter indicate the date of formation of 
the tektites as such, the rubidium : strontium figure is an 
indication of the age of the differentiation of the parent 
material. A study of the lead isotopic composition by
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Tilton (1958) indicated that the parent material may have 
been differentiated some 100 million years ago* This is 
clearly much shorter than the rubidium : strontium age. 
Schnetzler and Pinson (1964) suggest that the high tempera­
ture fusion at the time of formation of the tektites might 
have caused lead to have been lost preferentially by volatil­
ization, and some rubidium may have been lost at the same 
time. The rubidium : strontium age found is therefore a 
maximum, whereas the lead age is a minimum value. The fact 
that the rubidium and strontium data do give such a good 
isochron for the different tektite groups would indicate 
that the loss of rubidium in most cases was not large. An 
inspection of the individual results obtained by Schnetzler 
and Pinson reveals that only one australite and one javaite 
show any evidence of major rubidium loss. The lead data are 
not so conducive to unambiguous interpretation, and should 
be regarded with a certain amount of reserve.
The problem of the origin of the tektites is one that 
has been argued extensively for many years. There are a few 
points on which most workers would agree.
a) As outlined above, the potassium-argon and fission 
track ages show that the three major groups of tektites were 
formed at different times.
b) The tektites were formed by impact, probably by a
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meteorite, as indicated by the presence of nickel iron 
spherules in some specimens.
c) The tektites, as small bodies, spent only a very 
short time in space, as Viste and Anders (I962) demonstrated 
the virtual absence of cosmically produced aluminium-26.
d) The points of origin of the tektites is within the 
Earth-Moon system.
e) The tektites are quite unlike any meteorite studied, 
if the controversial Igast, Estonia object (see O’Keefe and 
Lowman 1961 for discussion) is excluded.
f) The chemical composition of tektites is very similar 
to some terrestrial acid rocks.
g) Tektites contain much less water than terrestrial 
volcanic glasses or impactites (Friedman 1958).
h) Ferric : ferrous ratios are low, Chao (1963) found a 
ratio of 0.05 in 21 bediasites. He considers earlier 
analyses may be erroneously high in ferric iron because of 
oxidation during grinding.
The relevance of trace element studies to the probable 
parent material of the tektites has been discussed at length 
by Taylor and co-workers (Cherry and Taylor 1961; Taylor 
1962; Taylor and Sachs 1964; Taylor 1965). Following Barnes 
(1940) a terrestrial origin from sedimentary parental mater­
ial is argued. Cherry and Taylor found the chemical
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composition of tektites to be analogous to a three-to-one 
mixture of shale and quartz. Later investigations related 
the australites to a sediment between a shale and a subgrey­
wacke, the bediasites, on the other hand, were found to 
resemble either a subgreywacke or a mixture of subgreywacke 
and arkose.
The sedimentary origin fits in with most of the points 
listed above. The main objection would seem to be that the 
tektites are drier than terrestrial impactites (Friedman 
1958) and are, in general, more reduced, although the black 
impact glass from the Wabar crater is as reduced (Spencer 
1933) as the bediasites (Chao 1963).
Adams and Weaver (1958) analysed 52 shales (excluding 
black shales) and found an average uranium content of 3«2 
ppm and a thorium : uranium ratio of 4*9. Adams et al.
(1959) suggest that the high ratio may be due to the inclu­
sion of many samples of weathered continental material, 
however this would be the sort of material that would be 
likely to be melted by meteoritic impact. As orthoquartzites 
are considerably lower in uranium and thorium than these 
shales (Adams e_t al. 1959), it is possible to produce some­
thing close to the tektite uranium and thorium abundances by 
a three-to-one mixture of shale and quartzite sandstone.
The average shale abundances, estimated by Adams and Weaver
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(1958) from their own analyses and those of Baranov elb al. 
(1956) are different from those of the weathered specimens. 
Values of 3*7 - 0.5 ppm uranium, 1 2 - 1  ppm thorium and 
3.8 i 1.1 for the thorium : uranium ratio were found. It is 
clear that as far as the uranium and thorium abundances are 
concerned, some sediments can generate the observed tektite 
abundances and ratios.
Mason (1959) pointed out that the composition of 
tektites, as far as the major elements are concerned, is 
quite similar to certain acid igneous rocks. He explains 
however (Mason 1963) that he did not imply that tektites 
must be derived from igneous rocks. Lovering (I960) fused a 
granite in a solar furnace, and observed trends due to sel­
ective volatilization that led him to conclude that rocks of 
granophyre composition could be the parent material of tek­
tites. As it is thought by many petrologists that such rocks 
can be produced by the differentiation of a basic magma, this 
admitted the possibility of a lunar origin for the tektites. 
Greenland and Lovering (1963), from a consideration of the 
probable volatilization of certain elements, concluded that 
acid igneous rocks are a more likely parent material than 
sedimentary rocks. They further comment that their work does 
not differentiate between a terrestrial and lunar origin for 
tektites.
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The uranium and thorium abundances observed in terres­
trial granitic rocks (Whitfield ert al. 1959; Rogers and Rag­
land 1961) show that some of these have about the right 
uranium and thorium abundances and the right range of 
thorium : uranium ratios to be parental material for the 
tektites. Some granophyres analysed by Heier and Rogers 
(1963) also lie within the right range. With the acid 
igneous rocks, as with the sediments, it is comparitively 
easy to find samples which have abundances similar to the 
postulated parent material. There are also many rocks of 
the same type which show marked dissimilarities, and this 
seems to be a weakness of both sedimentary and igneous 
terrestrial theories of tektite origin.
In recent years there has been a growing body of aero­
dynamic evidence that the Australasian tektite group, at 
least, could not have been formed at the Earthfs surface. 
Chapman (1964) has shown that a lunar origin is most 
probable, and considers that the viscosity of high silicon 
glasses, such as the tektites, is responsible for their 
survival as recognizable individuals. If Chapman’s conclu­
sions are valid, it would imply that there has been consid­
erable differentiation of the Moon, to produce a granitic 
crust. It seems reasonable to assume that the Moon might 
have had initially an overall composition similar to the
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Type I carbonaceous chondrites, and therefore any differen-cr'tiation might well follow a(similar patterna^f that observed 
in the achondrites. Schnetzler and Pinson (1 9 6 4) found from 
their rubidium-strontium isochron an initial strontium- 8 7 : 
strontium-86 ratio of 0 .7 0 5, which is almost certainly not 
significantly different from the ratio of 0 . 7 0 0 observed in 
the achondrites. A differentiation of tektite parent mater­
ial from achondritic material could produce the observed 
strontium isotopic abundances provided that it took place 
within the last 700 million years (Schnetzler and Pinson
1 9 6 4).
In Chapter 1-3 it was pointed out that in the achondrite 
differentiation sequence there is an increase in uranium 
through the sequence, accompanied by a general increase in 
the thorium : uranium ratio. Figure 34 shows a double log. 
plot of uranium abundance against thorium for the differen­
tiated achondrites, and a least squares line is fitted 
through the points. It can be seen that the extrapolation 
of this line passes through the narrow field defined by the 
four tektites analysed in this work. On so few reliable 
tektite data it is not possible to say how real this rela­
tionship is. If a large number of analyses of tektites for 
uranium and thorium were made and it could be shown that the 
trend produced a line statistically identical to that
Figure 34: Variation of thorium abundance with
uranium abundance in achondrites and its 
relationship to the tektites.
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generated by the achondrite data this would be strong evid­
ence for a lunar origin of the tektites. Further work to 
test this relation is planned in the near future.
